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ABSTRACT.

A study on the applicability of ERS-1 wind and wave data for wave models is
carried out using the WAM third generation wave model and SEASAT altimeter,
scat}ernueter and SAR data.

*

A series of global wave hindcasts is made for the surface stress and surface
wind fields derived by Atlas et al. (1987) by assimilation of scatterometer
data for the full 96-day SEASAT and also for two wind field analyses for
shorter periods produced by Anderson et al. (1987) (by assimilation with the
higher resolution ECMWF T63 model) and by Woiceshyn et al. (1987) (by sub-
jective analysis methods). It is found that wave models respond very sensi-
tively to inconsistencies in wind field analyses and therefore provide a
valuable data validation tool.

Comparisons between SEASAT SAR image spectra and theoretical SAR spectra
derived from the hindcast wave spectra by Monte Carlo simulations yielded

good overall agreement for 32 cases representing a wide variety of wave
conditions. It is*concluded that SAR wave imaging is sufficiently well under-
stood to apply SAR image spectra with confidence for wave studies if supported
by realistic wave models and theoretical computations of the strongly non-
linear mapping of the wave spectrum into the SAR image spectrum. A new,

closed nonlinear integral expression for this spectral mapping relation is
derived which avoids the inherent statistical errors of Monte Carlo compu-
tations and may prove to be more efficient numerically.

A theoretical framework is developed for the assimilation of arbitrary wave
data in models in which the wind and wave fields are modified simultanecusly
in accordance with the constraints imposed by the wave medel. As a first
Step, a simplified wave data assimilation exercise is carried out in which
only the wave field is modified.
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Abstract

A study on the applicability of ERS-1 wind and wave data for wave madels is carried out
using the WAM third generation wave model and SEASAT altimeter, scatterometer and SAR

data. A series of global wave hindcasts are made using as input driving fields:

(1) the six-hourly averaged surface stress fields derived by Atlas et al (1987) for the full 96-
day SEASAT period 7 July - 10 October 1978 by assimilation of scatterometer data with
conventional meteorological data using the Goddard Laboratory of Atmospheres 4° x §

9 level atmospheric model,
(i1) the 1000 mb wind field from the same GLA analysis for August, 1978,

(iii) the 100C mb wind field derived by Anderson et al (1987) for the period September6-17,
1978, using more sophisticated assimilation techmques and the higher resolution T63
(1875°X 1.187°, 19 layer) model of the European Cenrtre for Medium Range Weather
Forecasts, and

{iv) asubjectively analysed scatterometer wind field produced by Woiceshyn et al (1987) for
the period September 6 - 20

The four hindcasts are intercompared and verified against zitimeter wave height and
wave buoy data. in the northern hemisphere the hindcasts agree reasonably we!l with each other
and with the observations. However, strong deviations between the hindcast for the GLA stress
field and the other three hindcasts are found in the high wind belts in the southern hemisphere
Thisis tentatively attributed to the six-hourly averaging applied in the computation of the

surface stress fields.

Itis concluded that wave models provide a very sensitive mechanism foridentifying
inconsistencies in wind field analyses The simultaneous operation of a wave model in
conjunction with an atmospheric mode! in a joint wind and wave data assimilation system

therefore provides a valuable data validation tool

Comparisons are also made between SEASAT SAR image spectra and theoreticai SAR spectra
derived from the hindcast wavespectra by Monte Carlo simulations Good overall agreement i
found for 32 cases representing a wide variety of wave canditions in most cases the input wave
spectrum s strongly distorted in the SAR spectrum by nonlinear motion effects The linear
treatment of motion effects (in termsof a velocity bunching transfer func*ion) was found to yield
unrealistic monotonically increasing wave spectra in all cases (including swell fields) Itis

concluded that SAR wave imaging is sufficiently well understood to apply SAR image spectra

Hiv)




with confidence for wave studies. However, SAR data can be meaningfully interpreted only in
conjunction with a realistic wave model and detailed computations of the mapping of the two-

dimensional ocean wave spectrum into the SAR image spectrum.

A new, closed nonlinear integral expression for this spectral mapping relation 1s derived
which avoids the inherent statistical errors of the Monte Carlo approach. The method may aiso
prove to be more efficient numerically Thisis an important consideration in view of the
extensive computations required for the analysis of the global SAR spectral data set produced by

the ERS-1 AMI instrument operating in the wind/wave mode

A thecretical framework is developed for the simultaneous assimitation of arbitrary wave
data(e.g. wave heights, buoy spectra or SAR image spectra) in numerical weather prediction ana
wave models Borh wind and wave fieids are mod:fied simultaneously in accordance with the
constraints imposed by the wave model The explicit integration of the adjoint wave equation
required in the generai formulation of the problem is avoided by using an appreximate
(diagonal) Green function, the elements of whnich are already computed as part of the wave

model's implicit integration scheme

An example of a simplified wave data assimilation scheme s presented in which only the
wave field s modified The assimilated wave data are the global SEASAT aitimeter wave heights
for August, 1978 A considerable improvement in the wave forecast is achievea in the tropics and
northern hemisphere, where most of the wave energy consists of swell However, the errors are
only partially reduced n the principal generating regions of the higher latitude southern
hemisphere, where the unmodified surface stress field regenerates incorrect windseas. These

deficiencies would presumably be remedied in a joint wind/wave assimilation scheme

v
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Introduction

Background

The present study contract represents a complernentary investigation to a
previous ESA two-part study on the feasibility of developing and implementing a
comprenhensive data assimilation system for the near real time analysis of ERS-1 wind
and wave data It should therefore be viewed in the context of these study contracts
(ESRIN Contract No. 6297/86/HGE-I(SC), Part |, Anderson et al_, 1987; Part Il, Janssen et
al., 1988). The work carried out in these three studies must also be seen 1 a broader
perspective within the framework of a longer term international programme to use
£RS-1 wind and wave data, together with conventional weather network data and
otherinsitu data, to compute the global fields of all fluxes at the air/sea interface on
a continual, operational basis. beginning 1997 These activities are coordinated in the
Global Aszimilation Programme for Air/Sea Fluxes by the ISC/CCCO Working Group
on Air/Sea luxes (cf Appendix) Inthe folilowing a brief summary 15 given of eartier
work which has provided the basis for the studies carried cut in the three ESA
contracts and for the planning of the Global Assimilation Programme for Air,Sea

Fiuxes

Need for a data assirnilation system

The extensive oceanographic surface gata which will be provided by the surte of
sensors on ERS-1 open exciting new opportunities to tne oceanographic community
But the preparation for the effective use of these data also pases a severe chalienge
Thisis well illustrated by SEASAT The wave hindcasts presented in this study and in
the companion study contract (Part !, P. Janssen et ai , 1988) represent the first
application of SEASAT data to a global ocean wave hindcast - fully nine years after
the launch of SEASAT! The computation of the surface stress fields used in these
hindcasts for the 96-day period during which the SEASAT scatterometer was
operating was only completed, with considerabie effort and perseverance. eght
years after launch (Atias et al, 1987) The analysis was based on an off-line data
assimilation system using the non-operational, relatively low resotution GLA
(Goddard Laboratory of Atmospheres) atmospheric model These data processing
problems would have been stiil more apparent if SEASAT had flown, as olanned. for
several years rather than three months. Although SEASAT provided an impressive
demonstration of the great scientific and operational potential of ocean satellites, it
alsoclearly reveaied the problems the scientific community faces in using satellite

data if provisions are not made for the timely implementation of an affactive
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operational data assimilation system capable of processing all incoming satel!ite and

conventional data in a single quasi real-time operation.

it should be stressed that the main delays in the production of the level 11 final
SEASAT data set were not caused by the processing of the raw data or the provision
of appropriate algorithms, but by the last, most complex element of the data
processing chain: the data assimiiation system The assimilation systems used by Atlas
et al (1987) and Anderson et al. (1987) can furthermore still be viewed only as a first
step. Ideally, such a system should combine all the wind and wave data provided by
the satellite with all relevant data from other sources to construct simultaneously
global fields of the surface wind and sea state. Both in the GLA system and in the
more scphisticated ECMWF (European Centre for Medium Range Weather Forecasts)
«ata assimilation system, wave information was not used 1n constructing the wind
tield. Another important feature of an effective assimilation system is thatt should
be implemented in an operational global wind and wave forecasting environment.
+Although evidence of deficiences in the SEASAT scatterometer data had already been
pointed out earlier (Woiceshyn et al , 1987), the present study, together with the
previous ESA assimilation studies, revealed many further sources of error and data
inconsistencies. These can be routinely identified and corrected only by carrying out a
complete data assimilation and data validation cycle within a quasi-operational
setting, using state-of-the-art, high resolution atmospheric circulation and global

wave models.
Previous work

The scientific community has long been aware of the potential but also the
difficulties of implementing an effective ocean sateliite data assimilation system
Accordingly, since the early conception of ERS-1 1t has been preparing a programme
and some of the necessary tools for the development and implementation of a

comprehensive, quasi real-time, operational data assimilation system for the sateilite

The first step in this programme was the development of a realistic global wave
model. While the ERS-1 community had access to the world's foremost giobal atmo-
spheric model and atmospheric data assimilation system at the ECMWF, a giobal
wave maodel of similar capability did not exist. The only global wave modelsin
operation in the early eighties were first or second generation models, whose basic
shortcomings have been identified in the Sea Wave Modelling Project (The SWAMP
Group, 1985) In recognition of these deficencies, the WAM (Wave Modelling) Group




was formed to develop a third generation ocean wave model Onre of the main

motivations of the WAM Group was to apnly the model later for FRS-1

The development of the WAM modei involved an extensive series of invest:-
gations, including improved computations of the nonhinear transfer which governs
the evolution of the windsea spectrum (Hasselmann and Hasseimann, 1981, 1985),
the application of the improved nonlinear transfer computations to study the erergy
balance of the wave spectrum and derive improved representations of the input and
dissipation source functions (Komen et ai , 1984), and the development of simpler
parameterizations of the nonlinear transfer applicabie in a gioba! wave model
(Hasselmann et al , 1985) This work was partly supported by ESA through Study
Contract N° 6875/87/HGE-! (SC) Finally, it required the transiation of these research
results into a reliable numerical global wave model (Hasse!mann ana Hasse!mann,
1985 - WAM-Report). The mode! has been implemented at the Max-Planck-Institute
and ECMWF, where 1t is used 1n a quasi-operational mode (Janssen et al , 1988) it has
now been extensively tested in a series of hindcast cases and in quasi-operational
forecasts. A detailed presentation of the mode! and its appication to ten hindcast
studies s given in WAMDIG (1988) The mode! has meanwhiie been d.stributed
together with a users’ manual (Hasseimann, 1987) to more tran twenty groups Te
cyc'e 1 version of the model runs on both a CRAY XMP (ECMWF) and a CYBER 20¢

(MP1) vector computer (an improved cycle 2 has recentiy beer compieted)

Another important task which has been addressed is the interpretation ard anp--

cation of SAR wave images The incorporation of SAR wave data in the genera’ data
assimilation system poses a number of problems While SEASAT provided imoprassive
evidence that waves can be imaged from a spaceborne SAR at 800 km height, :he
interpretation of SAR wave images has long been a subject of intense debate In the
last years a reasonable consensus has emerged on the imaging mechanism as such
(cf Section 4 1) The principal backscattering mecharusm in the range of incidence
angles of the SAR on ERS-1.5 Bragg back «cattering oy short rippies nthe 5 - 10 ¢m
wave length range The SAR s able to 1mage 'ong ocean waves because the 8ragg
backscattering by the short ripples i1s modulated by the onger waves The
modulation 1s caused by three processes: “ydrodynamic interactions, ¢ arges n the
local angle of incidence by the long wave filt vanatons, ana +arat:ons «n the long
wave orbital velocity The tast process gives rise to Doppler snifts .n the backscattered
signal which produce azimuthal displacements of the apparent positions of the
backscattering elements in the SAR image plane (velocity bunching) Whereas the

hydrodynamic and tilt modulation can be regarded as linear processes, at least to firs:




order, the velocity bunching process can become strongly noniinear For steep
windsecs tne nonlinearity can even result in acomplete ioss of the wave it age

through azimuthal smearing.

One of the main tasks in preparing for the application of ERS-1 SAR wave gata
was therefore Lo develop noniinear transformation algorithms relating the SAR
image spectrum to the surface wave spectrum. Significant progress .n this questicn
has been made by 8ruening and Alpers (1985) and Bruening et al (1918) The autnors
computed the nonlinear mapping from the surface wave spectrum to the SAR image
spectrum pdy direct Monte Carlo simulations Unfortunately, this mechod is too cosity
in computer time to be routinely applied to ail ERS-1 SAR wave data coliected in the
SAR wave mod2 Hcowever, In the course of the present study a new closed. noniinear
tn‘egral expressior has been derived describing the mapping of 'he surface wae
spectrum into the SAR image spectrum. it is hoped that computitions of this integra!
rransform can be carried out sufficiently rapidly to be routinely applied for the
assimiiation of ERS-1 SAR image spectra The computation also has the advantage of
avouding the statistical scatter which arises in Monte Carlo sirtulations However, 1t
should be stre;sed that effective methods for the inverse maping from the SAR
spectrum to the wave spectrum have not yet been developed Such techriques wiil
presumably invoive some form of iteration, which implies that in practice SAR .mage
spectra car be usefully assimilated only if first guess wave: spectra are asatiable from a

wave mocel

With the development and implementation of a r:2liable third genera® on g'cba!
wave model and the clarification of the relation betvieen the oceyn wave spectrum
and the SAR image spectrum, important first steps for the implementation of an
ERS-1 wind and wave data assimilation system hava now been complieted However,

further major tasks still need to be undertaken

General overviews of the complete data assi milation proolem ha.e been giver:n
several position papers orepared Dy working groups and indi nidual discussants n a
numoer of recent ESA workshops (¢f. Proc Coni Alpbach and Schi:ersee) A camare-
hensive summary may oe found in the Global Data Assimilation Programme for
Air/Sea Fluxes (an excerptis given in the Appendix) The refation of this orogramme

to the present study contracts discussed 1n the next section
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2)

3)

14 TheGlobal Data Assimilation Programme for Air/Sea Fluxes (GDAP)

This programme has been initiated by the JS¢/Ccco™ Working Group on Air/Sea
Fluxes, in response to the needs ot the WOCE?) and TOGAY scient: fic community, to
provide continuous, gridded, global f.elds of all physical fluxes at the air/sea interface
(momentum, sensible and latent heai. water, and solar and infra-red radration) The
fluxes determine the coupling between the atmosphere and the ocean. the under-

standing of which is an essential component of the WOCE and TOGA programmes

The goal of the GDAP 15 to provide continuous 6 hourly, 1’ x 1" global fiux fields,
beginning in the early nineties with the deployment of ERS- 1, the first of the naxt
generation ocean satellites. In developing the programme, the JSC/CCCO Working
Group on Air/Sea Fiuxes has draw ~ heavily on the contributions of other working
groups, such as the Working Group on Numerical Experimentation (WGNE) and the
JSCWorking Group on Radiation, which are providing important contributions to

special aspects of the overail programme

The programme 15 sub-divided into two phases (cf Appendix) apreparatoary
phase, from 1988 - 1990, and an implementation phase, from 1991 onwards Principal
assirnilation centres are to be established in Europe, at the European Centre for
Medium Range Weather Forecasts and in the U S , at the National Meteorological

Center, with fi.. ther assimilation systems at other national weather centres

Within the two programme phases, fourteen major tasks are identufied It should
be noted that the present ESA study contracts address only a small sub-set of these
tasks (projects 4 3,4 10,4 12 -¢f Appendix) The impact of the E54 study contracts on
the overall programme and the inferences which may be drawn from these
rnvestigations for the future development of the programme are discussed briefiy in

Section 8 (Conclusions)

Parent bodies of the Workirg Group on Air-Sea Sluxes are the Joint Scentific Committee
(JSC) of the World Climate Research Procramme and the Committee on Ciimatic Changes and
the Ocean (CCCO)

World Ocean Circulation Exper:ment

Tropical Ocean/Global Atmosphere Project
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Relation of presert study contract to previous ESA data assiimilation study contracts

The commor: purposes of the previous ESA study contract, Part | (Anderson et ai |,

1987) and Part Il (Janssen et al , 1988), and the present contract were

- toestablish the general feasibility of using a combined wind and wave data

assimilat:on system for the analysis of ERS-1 wind and wave data,

- togather experience in the operation of such systems through experiments with
SEASAT data,

- todefine more clearly the requirements or the implementatior of a wind and

wave data assimilation system in time for the launch of the ERS-1, and

- toinvestigate the value of applying a wind and wave data assimilation systemn
support of measurement campaigns and during the ERS-1 calibration and

validation phase.

Within this general framework, the individual study contracts addressed the
following tasks:

Part |- Wind Scatterometer Data (Anderson et al, 1987)

- Investigation of methods of assimilating wind scatterometer data togetner w:th
the FGGE data set using the ECMWF higher resciution forecast model and

operational assimilation svstem,
- validation of the SEASAT scatterometer data,
—p
~ intercomparison of scatterometer winds with snip wirds,

- investigation of the impact of scatterometer winds on the analysis and forecast,

- ntercomparison of different scatterometer dealiasing algorithms




Partil - Use of scatterometer and altimeter data in wave modelling and assimiiation

(Janssen et at., 1988)

application of ECMWF wind fields produced in Part | to a global wave hindcast,

- intercomparison of global wave hindcasts produced by wind fields from the
ECMWEF data assimilation system (Part 1) and by wind fields obta:inea at JPL by

subjective analysis of SEASAT scattercmeter data (Worceshyn et al , 1987),

- comparison ¢f global wave hindcast with wave buoy data and SEASAT altimeter

data,
- wave data assirnlation experiments using altimeter data

Present Contract - SAR image spectra and alt'/meter wave height data assim:lation

system for ERS-1.

Most of the numerical experimentsn Parts | and Il of the study contract were
carr:ed out for the 11-day period September 6 - 17, 1978 Trus limitation was mposed
by the expense of the atmospheric data assimilation exercse and the !'m:ted period
covered by the subjectively analyzed JPL wind data set. In contrast, most of the
investigations of this study contract were carried out for the full 96-day per.cd july 7 -
October 10, 1978, for whiciy the SEASAT scatterometer was operating The global
wing and surface stress fielas for this period were kindly provided by the Geddard
Laboratory of Atmospheres. They were produced by a data assimilation exercise
(Atlas et al., 1987) similar to that carried out by ECMWF, but using the sigm ficantiy
coarser resolution GLA model id" x 5°,9layers, as compared with 1 875" x 1 875°. 19
layers for the ECMWF model).

The following investigations were carried out.

' - -

- giovbal wave hindcasi for ihe fuli 36-day SEASAT perud uving ihe GLA suriace

stress field asdriving fieid,

- intercomparison of assimilated wind fields and aitimeter wind speeds for this

period,




intercomparison of the G..A surface wind and surface stress fields with the

ECMWF and JPL fields for the common period of overlap, September 6 - 17, 1978,

intercomparison of the global wave hindcasts for the three wind fields for the

same common period,

intercomparicon of the 96-day global wave hindcast with SEASAT altimeter wave

heights, wave buoys and SEASAT SAR image spectra,

comparison of theoretical relation between surface wave spectra and SAR wave

image spectra with measured SEASAT wave image spectra,

development of a new theoretical integral transformation exrression describing

the nonlinear mapping from a surface wave spectrum into a SAR image spectrum,

an example of wave data assimilation for the manth of August, 1978,

development of general methods for the assimilation of wave data in wave

models,

recommendations for future actions,

definition of requirements for the future implementation of a general data

assimilation system for ERS-1 wind and wave data

The results of these investigations are presented, in the order listed, in the

following sections.




Global wave hindcast for the 95-day SEASAT per:od

To test the impact of the simultaneous use of satellite wind and wave data in a wave
model, a global wave hindcast was carried out for the full SEASAT scatterometer period
July 7 - October 10, 1978, using as input the global surface stress field of Atlas et al (1987)
(the wave model requires surface stresses rather than the surface winds as input). The
stress field was constructed through the assimilation of SEASAT scatterometer wind data
and conventional atmospheric data using the GLA atmospheric model The g'obal hindcast
was carried out on the CYBER 205 at the MPI using the WAM third generation mode!,
which is described in detail in WAMDIG (1988) (see also Part Il of the previous ESA study

’

coniract, Janssen et al, 1988)
In this section we compare the model hindcast with the SE~SAT altimeter wave
heirghts and wave buoy data. A detailec comparison with SAR wave data is given later in

Section 5, following a presentation of SAR imaging theory in Section 4.

2.1 Comparison with averaged SEASAT altimeter wave height fields

Figures 2.1 -2 5 show (approximately) monthly averaged fields for the GLA wind
stress, hindcast significant wave height and diraction (Custer diagram), sub-divided
1nto the contributions for the total wave field, windsea and swell, and the SEASAT
altimeter wave heights (provided by JPL) The averaging periods (cf Taote 1) are the
same as the periods selected by Mognard et al (1983) (except for a data gapof 10
days at the end, in October, due to a faulty tape. other gaps are due to missing
altimeter data).

The separation of the total wave spectrum F(f8)into windsea and swell contribu-

tions in Figs 2 3, 2.4 was based on the criterion

> 0 : windsea component
1.2-28-u, cus i8-8 ) \ Q2

( —_ - -1) < 0: swell component

where ¢ = phase velocity, 0 = wave propagation direction, 8,, = wind direction




July (cf. Figs 2.1- 2 5, Panels a)

11.07.1978,00:00 - 17.07.1978. 16.00
and
24.07 1978,10:00 - 31.07.1978, 00:00

Augut(cf Figs2.1-25, Panels b)

01.08 1978,00:00 - 28.08 1978.C7 OC

September (¢f Figs2.1-2.5, Panels ¢)

06.09 1978, 00:00 - 07.09.1978, 00:00
and
1509 1978, 00:00 - 30.09.1978, 00:00

Tahle1: Averaging periods for SEASAT altimeter wave neights

and model hindcast wave hexghts showninFigs21-25

0




(1 a1qey

uruanib ase spouad buibeiane) g/ Ajng Jo4 ‘(smouse jo y1bua| pue sauijos:
Aq paiesipui ‘apmiubew pue uondaIp) SP(31) $53.1S @deyuns w19 pabesany e ¢ by
06t 0ct 3.06 09 L0t 0

1S.09

0€

11




(1 @1qe ui
uanib ase spouad Buibesaae) gz g1 15NBNy 4oy ‘(SAmo1se 0 Y1BU3) pue sauios!

Aq paiesipur ‘apnuiubew pue uoNYaLIP) SPjaYy $$31S 3de NS WD pabesany qi1z D3

M.06 021 L0Sli 08l 0SlL L0c1 3.06 09 D€ D

Y
'
;
S
|
Y

:
['\,'\

—_ JUVURN SNV SV D - — - — N b ——) - - b
— - Py
Pl o
S N N O I i R S N N O U OO R (O DO B I _Is.09
> - * >
. RS ERCS N eru.vw.“. - o o . - ¢
'yl I SNV § . : R Y Al SRt et Pt sl B MY e ek L b Ao
y Py N 4 w(M/r,J, s . sy - - -~ P | & > 9 g K DI USSR XN
SR P {39 4 by o 35 53 9 g oEr - iy el b s
> P T g w S -~ PUDRPN gt .-
b 2w PR, 0% o e
- - Pl - 1}4 L
- Sss Y 12
. g b CAl ]

OE

=k

]
<4
|

AN g ».f
R IR
SNRNEN LN SO - B It
A O o PN

‘ AY
-4 et sy SR S SN N v ~N
-.A Py e N e e e . 9 x N
n N N I Y Sl b R RSN
. . -, \} S
B SEVENY O] SN NN W\ LB -]
v g = EEEEES AT IR YRR Sl S0
B i Rl ekt Rk T g
ﬁll»\l\/“\l\ = L g
e e T N .
~ =~ R B ‘ v
NN N ‘\./I.Jll. . bl xn\, g
NS Tl w A et B
gl SREPY 7y LI Sy P-4 bo 2 )
P IS ared ISR VIR SN P,
IS PP Y N PO N \ﬁll
LY
cacd B T SIS s b1 eyl (i <

M z.ow




(1 @19e) uruanib ase sponsad
buibesane) gset 12Q01O-Jaquaidag Joj ‘(smouse jo yibua| pue $SaUI0SI
Aq pa1edipur ‘apniiubew pue UO1133.11p) SPI3i) $33.41$ @20)uNns w10 pabesany >t ¢ by

0 D€ 09 M.06 0cl 0S1 081 061 0ct 3.06 09 0€E 0

R I A Bl Sy [SUNy SN [N SN WU NN N e -t —{t-t—t— ¥ _ |
\\..I’.[ T\Hﬂyo -~
— N
e R ) = —_—f — P——y .. - — —— > P S
[~ ] — ]
o
T e B T 50 - AN OO b B o —— 2 ooy KSR SRR I B = . S.09
T o ) O Q N
daaders b b N ./r?ol.vU\ SN Sy S SR N - J.-e
1“ ”1 T Y A y rtn = - vof/A > I N Py RN AN ”/Hf“l/#"w{h g o) P
S Aty A Parsy bap ~ Sgbel® i B A e |h.o\h.uiﬁ‘ —— e e B 5 PR .Y s
B oF ) "y A B NN LR Dy a0 Z"O.?—IQ!A LI P Abas Sl catal N S f Va» //,.I NPt RN T v.
JRIDH = 4 i DR LY S 0N i R S S s fe, N g o2 2745 AN NS e S
L L d.l‘_‘jﬂ 1 ol ‘.!‘A‘. e o g 2 L. fo——" r\l.ln. 3 T hnd
R T ....,/».l,.y NI g \‘. AN O N ] .,.H.. /,”.N,l..'?.-l/[/ralh .\,- vV/ q W‘ Q r,« \ _ -
2 s ¥ - IS RNE AR e o] ~ )
ERC]E. pAN P 2, [l Setat chull //bw LA INS AN JJ /\\\\Q\ g l;HN \ ‘lﬂ\ > O
. . e e S { .

NS Vg N

Ry
N
oA
Lot
4
=)
. / P"‘
£

%

74

.0

|

S -1 .0¢

,ﬂ
m'/

=S P{N.09

13




$MOJJe UONZ3IIP 3ABM 4O SY1bu3| pue sauros Aq paiexipui ase sybiay
3APA (| ige] ut uaaIb ase sponsad buibesane) gs61 Ainr 104 pI3Yy anem
1€1011583pUlY 3yl JOj UOIIDBJIP UPAW pue 1yb13y anem wedwbis pabesany ez ¢ biy

0cl 0Sl .08l

§Si
P

i

[

T

T
T
»
Ay

o 4
iy
Al
,,./H}
14

e

Ay y

ra

Ly
.

=1

[

{,\

77
V4
MA

o
Sala

i
(2,
D //V
T

4 _.

xR

i
\EE‘
s

]

IR
N
/
M
!
AT
-/
21y
g
[N N
el
,-..$
My b
(B

T\\__
~ Nt

%
W
\
|
=
{
s
UX{J( ‘|‘- v
R
Ve
" ‘
[
N
1 3
[N
Jj{
3

i
!
|
I
|




SAMOLIP UOIDALIP 3ARA O Sy1DUB) pue saur oSt AQ paiedipul ase s1ybiay

arep (1 aige) uruanmb ase sporad buibesase) gz 6| 15POrYy JOj PlaY) aAEM
12101 15€2pUIY 3yl 404 UONDBLIP urPaw pue 1ybiay anem Juedijiubis pabesaay

0GlL

=¥

T
o

-
v

.=

ot L e

A

g

! M ouar
Yt N1

\-1»——,,«,' -1
e

LA

15

L TP P

S

Kkl s P
VeoerdrrAdy

)

L& as

}

(ATt Ekd

N(teeqrs

7 X

>
T

/
/
e

el

TR




SAM0JJE UOI1I2JIP 3AeM JO Sy1BU3a| pue s3u0sI Ag paiedipur ase s1iybiay
43102 JOj P|d1) INeM
anem (1 2)qe] uruanib ase sponad Buibesaae) gs61 13qua)
{P10} 152Uy Yl JOJ UOIIDI3IIPp UedW pue 1yb1ay anem juedyubis pabesany 577 b4

0 .0€ .09 M.06 0cl 0S1 08l 0s1 L0cl 3.06 09 0€ 0

|
|
|
:
i
I
w

S.09

R_) a_n o

f

’

MR L4
A7 e
o~

g pa— . -t
: . Ay N -
el o] B Q S hd N i 8 <o PN
: s ey 2 (Y [WL.E 3 - =
s -— - 2 x = ——
8 S i as =
pul APy SHUDUD SR b3 v - 2 - .,u,:/ <3 o ey
PN I SN S, .oy GPERER PR > N 4 a

.
U
0
[
B
\
|7
B
¥
AN I
BB
WPz
e
14
i
XL
EA
%
)
(gl "

\
T
\
i
I
I
AN
.
i
hy
L
o
L

16

.:j: .‘
=
|
!
4
-

11

AN L 3
b af s . R S SURSS vy T ¢ -
N N 4 NN Ml NG S > > E N Ewa an e <
T L AN NN A NN AN -V/v.v\/uNN\z_M/AA.N.,.N!wVMv ¢ ds - NN 0
NN N NN w NN N NS i SN B S Sk AR M R
N RS S QNG V) T SHEEN SR JAS 8 RV B X - = \Bwy
H N N
Do RERY
\

: —
AT
Nhwed e

- AL
~rAs
As

i

,i//

e

{

1

{

y

4

4

4

4

1

:1

~
L LI\ e
] 7

Ll
>
v
s
v
’
/
/
/
/
/
L
/
/
{
{
/
/
-
/
Y
/
/
/
7
1
i

P DR SR

Fes N,
——e
N 4SS

T
/1//

R
\'\llll
R (WEN

NN
\\f
AN YAY
AR
0
,\T
\
\&
\\;
S

S
f.;’
~
N
s

2
ltf
N\

’l
'

)

lTA

]
Ry
1if
11
H
1t

(i
fail
|
1
Vil
VA
VA
1

- Py SN SN .lul F-y— A.Ll\ S > — - S < ]
Y e \ P [ i M\HII.H..\'C R s .JFLI.

121 5 ot i 53 < S =S ; o€
Y TR PO O |;C_r/ - N e s“\rm\ S \v&ll\lxl!v s h: j .
R ZZ2 P N PP Mot T Ak X =
trerfp s =g~~~ hV T c\\ \ [N IR PP DA TN vy = . JQ \lll\lll‘
A S ~~ k-t~ / oeAa=~e -7 (7 ] ] 2 [~
R4 A2 R\ RN O = - o r.
? g™ - — W T~—t+—t~—t —— RS ”

|
b
{
él‘;’
14
7
{

=N \ ~

\ 844 ‘-

N Sl
Ll

<4

RN i

\:‘%"/

1]

!

AN B

,
.
\
A

SN
N

W

\12
L
I
!
|
N
)
&
i awrew

L
A R J
g IN




SAO1IP UONHIBIE 3re A 10 s Bul)| pue saunosi Aq pajexipul e
14613y 3nepp (1 219e) Ui uanIb aLe spouad buibriase) gre Ajng IO} PIASPUIM
15€2puty 3yl 40j UONdALPp ufaw pue 1ybiay anem wediiubis pabesary

0cCL J0SL 081 061 0cZl 3.06 .09

-
NSNS DU SRR o r I ™ _

» - - - - —_ . -
T

S —_— e Tl - )
r.l..ll.v!ll.(l(/\ po—
Tﬂ\xv.\ R R SN S
oo = Sl \“
ot ‘\x\\k..
h—. b =
4 e Y S

I AN——T"
| Ny

L
L
-~ b
-~ pm
K
N
b
S i

=== -2 4

R (g YT

NP S B
N R Ol R
N RUERY Warn e

iy
ey
vy

.
.




SMOJJE LOIDANP IAEM O siIBUR| pLP $AUNHOS) A Paie)ipul BsC siybray
AT (1 314P) U1 uaAIl s1v spouad Durbesane) gy 61 13nDBNY 104 P3sSPUIM
15€IpUIY BY) 104 UONDAD ueaw pue Jybiay asem Juediubs pabesaay

L0dL 3.06 L9

LR

—
-—

[ b

v
cer

1

l

iR

9

Ao R
ALY

NN VR NN

@




SMO 1P UO11D3:P IACM JO syIBua| pue saujos! Ag pAiedIpul Bue Siybiay
anesn (1 31qeg uruanb ase sponad buibeiare) g7 61 13QWa1das JO) CISPUIM
1SE2pUIY 3Y) 104 UOIDANP ueaw puP 1ybIay arem Juerpubs pabesany

0cl LOGi 08l 051 0ct 306 09

>t by

-ty
P,

|
|
|
|
g
%
t.
o

w
—d 1 e ) Do i W IR
A i) Ay SCNCRS o ISP (R
-1 e JSUN) RN SN B 5 LR &
e SN Bt il SN RPN b A.\Nl.. LN } .
=~ =3 0] Lyl SYumpiagt oo = =
RN DR S SUIPN DU PR SE PR A - ) R T
NEN RN W GRS PR O RAEAR) Pty Svg rus —\ =
EWH SN T S YYP ..’.M. :
4 - 4 2 &3 -
RER LR AN SR S S e S B NN AN
PR A4 RIE- NN URNEE SESUVY RIS RN IR AEEN N
CE R Y (Kol Lt CUPIEW N QECHE $IC S S, —_ o

¢

E R atall oty SR SENCE Bk AR A A N

N PR N e ) o Rl LRI S NS S S

A}

R RN EEE LR LN TR RyrnN e

4
%
o]

aabos === F 8-~ ~~Fr~~{ "I

. 4.
IR G DERNRN PEUG SISy SRS NI DN 1&

I P

L [N Tl - .
4% . | .. - b o o ] . .~ f
e | N A A = A A i N _— S _— R By ST
.. . - . - qd - g - -F--¢~-~-- P PSS S D e
5 B S EEE BEE PE5 S0k Eh o £ e 4 2
[l PR SRR R I (RSN SUS DR RS IS GRS PR “ .
—— i)\,rlt - -~ - ATt == £f et Laar S
d N PR RSN IFR DR SUSUN SRS QI PG SPIIY SPRRE PR ,_n
a.\.-‘w»» .- R AN P P R R e el R PR
afa b - \ W vV ——
AR PUUENE SR D sz Y PP N I D U SN
N IS S /‘__-.\\.' R [ I N o RN
—_ W ‘w.\”-r\.. — “"f.. RN P PN PR S5y PO SR
| M N IR ! S G55 K 548 \ Tl P NN NN
oy A AR UET I R D532 555 DT At sl Y gy ras A
h Sl W W R PPP VLI VBV i u\\ 4 L
— 7 s e Cd x
< b e 2 IR X 3
o] Pl & ] 7 , ?
p <

S.09

N.09

19




SA0148 UONDBIIP AAEA JO SLIBU| Hue saunost Ag paiedipul
a.e siybay anepn (1 ayqey ut uanib ase spouad buibeiane) gsel Ang 10)
(I3 158 IPULY 3Ly 105 UOID3IIP uEAW pue 1ybiay anemuedyiubis pabeiaay ey ¢ by

.0S! 081 061 L0ct 3.06 09 O€F .0

- B — - - —— — - - - —_——— lll]“. ey — -1 — [/, —— e |I'%'|.|'|| - —
lﬁ\ l!i(‘lﬂg ] &
(..(J e o — U .uu.Mull — 1 - -} [y —— - — .
s 7 m....4 % eccbgepunpan R Y%\a] cd. et -~ m Oo
7 ; : e 0 S RO NOGE TS A T © b
Tyl A S N R N £ PO
G = P T N ) DD st bl lD b
VO Au ‘lvlaIWﬂ.w/rV/rtilllw,n/)hr/./l/f
pra z=y A LRSS slice 3 N
25 Tz ) ) S A 2 T s I
(s 7 7ii~" FA Y I 4]
/) =SR2
—A4£Y o £ Pyt " 43 N
A\ A,.m/l NEOEE . J
A\ ANNARE AR ofe) ..ﬁ
N TN ,,V\// NN e N
N RNARAN ,V//f.w/%y al l_,i. 0
™ W7 AR w)l .
M \ BB SR
= CAALIQALIITIN ) .
e w741 A .
= AR 2 I
—
l’/m, > D,l T .om
-~ -
hr/q.x/ MW«AT}‘L <P
— nw r=-v

5541N.09

20




smouie cﬁm:um:u 3rem 40 sy1bua| pue saunost Aq paredipui
a1e s1ydD1dy anepn (| @1qey vl uaaib aue sponad buibesane) g/g1 15nbnYy Joy
H3MS 1SEIDUIY 31 JO4 UONDANP uedw pue 1yBiay anem Juedijiubis pabesaay qpZ by

0 0€ .09 M.06 02l 0Sl .08t LSl .0Cl 3.06 .09 LOE .0

S -~ T - - -
\\\ | _ Yy PN .u\
ko - o R =) —e e VNN PR SN N N -
B P ——t~—t
&v
Wadlls Bulhdie bl o DA ecvctr L . KwWS CORCH AU A REnand LR et S YA o8 s A R O b e A AN honcn acmes = v.N AR moom
RS RS tjear{onnhtn] BN St P OO BN CXN 129 Y RS . B St Ahaas \CDS S 5 DNOK) NN s AR s A &S <
lﬂwv“.hf//u.h_ S -~ aajo s ,ln."?s/“ S u//MM g et == ,N,ﬂ/”// r// R /q/f“‘_W« e T = S Pt g ey DU PP
foasT- 357U N TNIT pat S = S BA S rOR . P SR ¥ &Y
A S A 44 PP PN ﬁH/.Iu Ve v-.lltldlr s ~ Z?@ A L ESS Rl #m..l tes iy TSNS e
b o2 f D A B P A s o \\n\u\n\v BRSO NN NS o topeeg vea, PSR NP Sy
N ] £ e Sl M . P \W\‘ 1 anan A o I 5 ] g
(Rt B \ . e i ="~ m\\\ f\ ’ Lan oo 4 — ety S
wr;mﬁii AN N==E \\\.lm,\ (G2 B=1" /1 il B 20 22 o N Ot
N AN AT u.J; TSNS AR Y [ (Gt 1.1 °
; 2o AL I TR A SN \ / LOHTET Ay 1.7
e o RPN S B ;..”uf,/ NS AV RN AN = A IGAUNT JOUA AOC EXAU 495 N Wl I L. §f WY
N N R ST RN RN RS N RN RN RN NN NS AENA < WANE AT ) { —
. e AR SN SRR AR RENY N\ NN /ﬂ. ] N2 4 SN NRRY g 575 BN Rk J o~
:..IV SR AN RRY AN R AN DN N\ S I(N\J/ , s vt,'uwurﬁr‘ v”n.avu N NN R ~
— 11 A Jv‘ul,,,‘jl./l., B AR N A AN gy A - of ~3 \ NERANN \ NS AN AN SRR ey K RS
Yo NS v-,r,Ldtll N 4.0../ {N/a -/-/;ﬁ/ NN .)/nl. 4 ks By ,_/ \ N A//fum:.,vv, ol N 4—
A N AR R R A A NN A R R e b R A A N A 44 .0
S PR3 AREAIN BNR) PO RN 0 R AN AN R ARS v 27 LR 97 8 JI3 A o vt A
30 . e .. .. AT . . -
-, /,- /-// //11 .//N/ AR SN NN Ny /-y // .dlrfxl Q N Q. P ‘L . WbA Ll
-t-1 Y R R RIS B S RAR AR VR b ~ A 74 frore —f —
: Y AR SN N RRN MR NN R W e, 1274 - ; -
/ r// M e 2l hndides Ranand o X S SCNCNE RENEARS SRURNE 2aam e S SR L NNy /7 Vs 7/ B ’ o9 « 2 /
: B s R Rane hd iuindl Shwsy anites ban.n Sy pavaty otated Sy NSNS NG L MV 3 —_
7 NN NS S5t it S M s o0t o] SN NNkt e N ol TRES
: ..» S o ] DY MDY RS DS AR 0D RN NN ¢ -
- N3 . ~/.lu y H-UFLOIPD S it indnd SR S IS A k. N 1
ALY P VS N R BT RS SRR DD, A% S
N (R VY] 2733 iy e A e NS ///wu& D 1=
ANV M S04 €07 o o N e ASIY S %
o N W ////AA\_ AN - 1 —
gt PN SIS S
s M&. \.\




SMOJIR UDIND3JIP 3rem 0 sy bua| pue saunjosi Aq paiedipul ase
s1ybDiay anepn (1 31qey v uaab ase spouad buibesane) g/ 6| 19QUIBIDAS 404
[IBMS 15POpUIY Y1 JOJ UONDANIP ueaw pue 1ybiay anem Juednyubis pabesany

.0 0€ .09 M.06 K4 L0Sl 081 .05t 0cl 3.06 .03

>3y by

L

_—
O - o e = Y N D I
| 1T —
h~re R e J P e J— | I
ﬁ l(fl..lL.l\lx i
47 Gl aesied oy ~ s e ety o d=17 e rarh et (h/m(«/nf“ S .-/14n1 e it s ~ v¢P/.~.\<v e s = i d |hL
g S IR S -~ A IS TN - N2 YW PRI FarS S NS a g\ ——
gty (pepp SN Seitrd SRS PO 8 S R N e el ' u././..//./r.uﬂu/v NYI NS ERNGE bt Wl o RN NANY S e
Jbib |Q%f,ﬂ¢vv~!hf yys SO S s G i — TSN NS DS 3 TAY 535 b A NN T 3¢ s S hieini
- L Bepept P LN 7 | 4 il i) il PR R S S LSS RS NSS Pty Mo oN N\ Bt s S bl
el A \Qurb BN rd ! X |..f10(ﬂHH -~ ol i .\\““A_Mh ../n-.uu/ = LN B e <€ ¢ t.w..,._f?' Bt iy
i Xl}‘ﬂ\ A- 2y aﬂ¥ ~ R Py 'u i fea “l\ﬂ\\ \\J\n\\n IA&R 2 3 .\lA,m ” ﬂ!“ﬁﬂwﬂ s heinal TR 'yuu‘uL ~ ll“. AH\
- s il =" St ¥ - 0 — L~ B - — By .
\ . e s % s 1P A)LO*\x\ " .&\\ ] K o "l A\ —~1.t-1. [4 B = 0% $55 I LoV D s 20K
BARLAK, U ore -vJAHJ‘I\lo R A vy W reaa qui / /ﬂ 3 I3 W2 P g s Ve e \; \\.\ =7 A ... g
P FEERY SN RN B pet i S \\.J\.\\\ 4 /./.71 T A \\\\\\T\\ Fr/ 20 $s74
DA F A AN \\...\«\\\ R 4 hrwn 7//%74//_‘//‘ f AR " ol 19
HE PR RN AN AR VAL VRN [0 PRI ONY U0 YW RS et aaee BN AN PAVMITRY NS SO WA TOR N g
R I S N RULARA AN A S N N N A N e I R Y Y AR RN AN NI NN
N s N / Vo N AN r//,f N A& FeRs e LAY SN _\~ 4449 AR N S //Jf// \._ ] “
ﬁ,r...f..f.”-.“_,f.,/ ,IIJ_L./.HV/[/V RN RN TR N <SR NI AN e i XY YRE \NN V AN ~4 4
| N . D AN RN RN G SONN AN oS 15N R RN Ay 0 7 NI NS S e N {
| ,W, N NN PP o .////// .///// fﬂﬁuﬂn PENNES 4 S BN VNN ﬁW NNV RN N D. )
R RIS RSO0 RO % o Y /,A,,,/,.Nrm, N AN RS DAY AN S R NN P2 | e e NN 2ol I (
A N ,. T A NN ~ ] -, - b,
.“. '\ .NN —— 7\.h\JL nw ,uﬂ,.,W.WWW”./ NN N/AJ./I:/ /..N.VAIV/V/-//. [~ \Hl%‘ ~f w/ NI SN ¢
— ! v o 4 p——e—o -
v

N b
N\
al
W\\\u» A
]
]
N

N,

—
W

774

7

4

7
\
\
N
\
A
"\T\
N
oA
Ll
W)
W
A
~
)

N
S’
-y

NS
15
{
i
N
Y
)

2OC NYSE
TGN '
It ~ e

Y ‘

\ﬁ“\b NS et NS H@IIL—'\ A\\\\M!.Iv/,” IR GG S - ——t
pE) S e ingng ou \ Ui ozl B\ SN\ [ 5 7% I 7z B
i s I e § W KXgr 2 oy > mﬂ:l
! N NS SN = 4 &
< . 3~

A

ARUE

BN
ilf\["h‘:}
glt:_:*:::;g
*Z'\lL ‘
| = N e [N R
W
.
IR
t¥
i
;
7] /
DR
it
™~
']
/

S.09

O

L0€

22




(i 919e1 w uanb ase sporad buibesase)

861 ADT 104 J312WN R 1 SIS 241 WOJj PaaLap siybIay anem weryubig eg¢ b4
0 LOE 09 M 06 Kr4 05l 08l 061 021 3.06 .09 Ot 0

S.09

X
-
/ o
}w.ﬁ K
)
N

.Y

J?% ]
S
3
h |
51
St
]
|
21
il
Je P%‘
>\

S
i

0t

O 5>
< zlﬂ ] M Ales v /1 \J
! h ‘Al bz F ) | 3 = .
h./ ;DJ g o\./ ° ) /\mgﬂ . a \ﬂ ~
=M VMRS M R a e SN A g 0
) [ K J ‘J\/O m \ s L‘V
N . 0 ¢ SN .
| gl WY S bl NENGZA |
_ u\V u /@W’ A f/v .//\L oj ¢ ij\ldo “. WW L= -1 .0OE
1= i T S
1. Chm o) ~
Y &UH - I&@ﬁ .J}. f#q hﬂr W\ ) Q- o - =
S Ml R —r \Mr‘ 3 NM > Z.OQ
1< \NJ MM%\ - m
L.l <] ﬂm o~ [~
< | pi WMA.%( s = -t




(1 31qe} uruanib aie sponad burbesane)
861 1snbNy Joj ua13wWn e j wSY3S Yl WOy paauap siybiay anem 1uedyubig 95 b3




{1 31ge] utuanb ase spousad Guibesane) g/t

13qualdag 10y J12WN|e | YSY3S 3yl WOy panuap siybiay anem 1uedijiubig 3¢ by
0 0t 09 06 act 0slt (0]2]8 oSt ¢t 06 09 0€ 0
] st TS L L REEE .
- DR e b a —]

AAA RIS (] AR AT s v o £t A R 3 el s b sl d 4 —
v E L N i e A e S T E S S S N
1 R g IR SIS N
a Mol © d {1 o | A1 z PN K 3

£ //\/\ L//Whh)\ 1 AA P —t— g |/ S ).
Q ] ..,G\f,r (vp ﬂ lr‘/b /\4 /@ oI
] 3 1 { N U Ot
y [ LNPYQ%@é . 3 _ARNA f
- )
. o |~V - ) = 0
|DUI.‘J M,IIA .w £ y.u‘. J _ Y B W *
LD R NUZ) Iy 7 R B
, I X SN | 06
w. { mc ‘Qb AT P e
r\/f/..\\ =1 B 37 <D
‘an T pS-gae
R ~ %/of S Oz 3IN.09

T
Rl
4
{
x

|
|
)
Wi
E@\
oL




The hindcast and altimeter wave heignts are seen to agree rather wetl in the
northern hemisphere, but the wave heights are significantly uncerestmated by the
fundcast in the high wind belts of the winter-ume southern hemisphere (4C°S- 60 S)
This s seen more clearly in Fig 2.6, which shows the ratios of the hindcast to the
altimeter wave heights. The causes of these discrepancies wiii be discussed in more
detail in Section 3 However, we point out here already that it appears uniikeiy that
they can pe attributed to the altimeter wave hetght measurement or the wave
model, since both have been well verified under rather high wind conditions The
problem therefore presumably lies in the surface stress field The wave heignt under-
estimate corresponds to an underestimation of the wind stress by approximately 20 -
30 % Thisexample clearly demonstrates the advantage of operating a wave moae! in
c¢anjunction with a wind data assimilation systen. The wave madel provides a
valuable cross validation of two sensor systems, the scatterometer wind measurement
and the altimeter wave height, in this case revealing an inconsistency of the
assimtilated stress field in a chimctically important region of the giobe 'n which very

few other independent measurements exist

Figs 2 2- 2 4:llustrate aninteresting property of open ocean surface waves which
ts familiar to ocean wave researchers butis perhaps less wideiy known otherw se.
most of the wave energy In the open ocean, even in the high wind belts, 15 associared
with swell, the windsea energy being concentrated locally in relatively small regions
of high winds. This s due to the fact that swell can propagate for a few weeks over
many thausands of km in the ocean without significant diss:pation (¢f Snodgrass et
al , 1966), so that the windsea energy generated in rather short lived storm events s

retained for a long time by the ocean as swell

The concentration of the windsea energy 1n local regions 1§ less apparentin the
monthly averaged datain Fig 2 3 thanin the instantaneous wave he'ght distnbution,
an example of whichisshowninFig 2 7, together with the instantaneous surface
stress field, for August 19, 1978, 00:00 GTM

The fact, that most of the wave energy in the open ocean s associated with swail
rather than windsea 1s an advantage for the assimilation of wave cata in a wave
forecast model A swell f-eld, once correcteu vy a measuremenrt undate, propagates
from then orwards .n the mode! at1ts correc:d va.ue, while a windsea update
re axes back to the original incorrect value unless the wind field 1s also properly

corrected at the same time (see Section 5)
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Statistical cornparison with altimeter wave height data

Tne above comparison of the averaged global fields of wave heights was compie-
mented by a more detailed statisti<al intercomparison. A linear regression anaiysis
was carried out between the model hindcast ana altimeter wave neignt for a set of

8 periods of 10 to 11 days covering the time span of the experiment (¢f Table 2)

'n the standard regression analysis for s set of pairs of variables x..v.. ¢ = 1. N

the regression coefficient ¢ in the linear relatinn

_\' = l‘x, (Z 2)
ts determined by minimizing the average error < v - cx.¥ > with respect to the
coordinate, where

N
1 N
O N
N —
= l
One obtains then the regression coefficient
<xv>
c = » (23)
’ <x™>

(We have left out the optional additive constantin (2 2), as we are interasted in the

mean factor relating the twe variables )

One can, of course, equally well interchange x and v, minimizing the error

<ix-viei? > with respect to the x coordinate. This yields the regression coefficient

¢ =
¢ lxy>
The two estimates satisfy the inequality
¢ < (29

since




where r represents the correlation coefficient {defined here without subtraction of
the means, consistent with the sirilar definition of the regression iine slope (2 2)

without an additive constant)

“he regression coefficient may also be defined symmetrically by the relation

- ¢ Sy ) (2 6)

We will adopt this defirition in the following. The asymmetrical regression
coefficients c . ¢, may be determined from ¢ and the (similarly symmetrical)

correlation coefficient r through the relations

- (27

- (28)

Fig 2 8 shows the regression coefficients T and correlations - for the 8 periods
listed in Table 2, subdivided into three reqions: the northern hemisphere (2° N to
70" N), the southern hemisphere (70° S to 2°S) and the trapics (between 22° N and
22°S). The abscissa axis represents the mean altimeter wave height (n the refevant

region for each ot the averaging periods

The statisticai analysis confirms quantitatively the gererai impression gatned
already from Figs 2.2 - 2 5: the model hindcast s reasonably consisient w'th the
altimeter wave height data in the northern hemisphere, but prod.aces wave heights

which are too low 1n the southern hemisphere by a factor of order 3 6 -0 7, the bas

increasing with wave herght Fig 29 gives an exampleof aty

H.(rindcast) vs. H. (altimeter) from which the regression and correlation coetficients

were derived. One data pointrepresents an average over one day
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Typical scatter diagram for H. (altimeter) v H. (hindcast) for one of the eight
averaging periods listed in Table 2 (August 1, 1978, 00:00 - August 28, 1978,
00:00).
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1) 78071000 - 78072000
2) 78072000 - 78080100
3) 78080100 - 7808'100
4) 78081100 - 78082100
5) 78082100 - 78092100
6) 78090100 - 78091100
7) 78091100 - 78092100
8) 78032100 - 78100102

Table2: Averaging periods used for the regression
analysis of altimeter vs model data

(H. and wind speed).
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2.3 Regional comparison with wave buoys and altimeter data

At six NODC buoy tocations in the North Pacific (4) and North Atlantic (2)
y

(cf Fig 2 10) thrae.wayinter.comparisons were mg

data of the mndel hindcast, the altimeter and the wave buoys. Tne data from three

sources were brought into a comparable format as foliows:

Model hindcast: The values of each model parameter (friction velocity n., significant
wave height H, mean frequency /Tmean direction 1)) was determineg from a
wetghted average, where the weights correspond to the inverse distance between
the grid point and buoy location. Close to land boundaries, only three or two gnd

20ints were used.

Buoy: From the spectral data, H, and the mean frequency ,r-"we'e recaiculated
including an £ tail in the same manner as in the WAM model (¢f WAMDIG, 1988)
The wind velocity was reduced to 10 m vinds if necessary and then converteq 1o /.
values by applying the expressions given in WAMDIG (1988) In order to determ.ne 3
suitable averaging time for the bucy data, which was available every tnree hours, the
coriviation coefficrents were computed for all variables using the actua buoy vaiues
atmodel output times for noon and midnight, then the values at 3 nours before. at,
and 3 hours after the model output times, 6 hours before, . etc, up to an averaging
time of one day. Plots of the correlation coefficients revealed that the optimum
averaging time was around 12 hours, where correlation coefficients typically peak ed
around 0.€ - 0.8 depending on the variable. This result is consistent with the
averaging incurred by the model, since the energy of a 10 second wave propagating
atits group velocity would take about 12 hours to travel a distance of 3 degrees, the
grid resolution in the mode!.

Altimeter. The aitimeter data set co-located with the buoys was determinad by avera-
ging values of H and 1. over five vaiues (~ 70 km tracv 'ength) aiong "re aitimeter
track which was closest to the buoy ard within a three hour time wingow of the buoy
measurement. Altimeter wind sneeds were reduced to 10 m winds ana then conver-

ted to u. as described above Extreme vaiues:n H, were deleted from the data set

Tables 3and 4 summarize the principal statistics (the bias is the mean of the
diffaranca natwaen the firer and cacand vaniak!cs, the scatier indea 3¢ e rauo of e

rms differences between model parameters and observations to the mean of the

observations (in %)). In general, the agreement between the model hindcast and

w2
w




buoy data is comparabie with the agreement between the altimeter and the buoys
The open ocean stations in the N Pacific (e.g buoy 46006, cf Fig 2.12) generally
show better agreement than the stations closer to shore (e g buoy 41001, Fig. 2 11},

for which the 300 km model resolution was presumably insufficient A comparison of

tv

1V .mmnactc that
e SUGGRSIE Lhat

the Triction velocity and wave herygiii i€ 367igs i 1igs 2 11 end
much of the discrepancy between the differentinstruments can be attributed to
local, relatively short-lived wind events which on rne one hand, are not adequately
resolved by the altimeter and model and which, on the other hand, are not
representatively sampied by a point measurement. Aithough the generai consisiency
of the intercomparison gives support to ail three measurement systems, the scatter (s
nevertheless greater than is typically found in model-measurement intercomparisons
involving either larger averaging areas (cf. Section 3, for example) or point
measurements accompanied by a higher resolution determination of the
surrounding wind field (cf. hurricane and North Sea hindcast studies discussad in
WAMD:G, 1988)

Erom the vieapoint of an optimal measurement strategy for the validation and
calibration of ERS-1during the initial commussionary phase, as well as the fong term
monitoring of the satellite sensor system, we therefore recommend giving higher
priority to (1) global verification methods, basec on combined scatteromerer,
altimeter, and SAR wave mode data, as outiined inSectioris 21,22, 3ard 5, and
(ii) measurement campaigns, in which in situ measurement srations are deployed in
arrays, rather than as single stations. However, where avallable, long term singte
station buoy measurements can nevertheless usefully augment these other

approaches.
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BUOY 41001 (35 00 N, 288 00
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e e
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Fig.2.11 Time series wind and wave data from wave hindcast altimeter and wave buoy

atlocation of buoy 41001 1n N Atlantic (ct Fig. 2 10)
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BUOY 46006 (41 00 N, 222 00 £)
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Fig. 2.12 Time ser.es wind and wave data from wave hindcast, altimeter and wave

buoy atlocation of buoy 46006 in N. Pac:fic (cf. Fig 2.10).




intercomparison of wind fie'ds and wave hindcas’s

31 Intercomparison of GLA surface wind and stress fields with SCMWF and JPL s 7face

wind fields

- ]
o determine the possible origins of the discrenancy between the maael hindcast

wave heights and SEASAT atimeter wave heightsin the sourthern nemispnere. an
[nrercomparison was made between the GLA surface wind and stress fields and two
other wind fields which were availaple for sub-periods of the 36-day hindcast neriod
the assimilated ECMWF 1000 mb wind fields for the period September 6 - 17 {(mnderson
et al.. 1987), and the subjectively analyzed 1PL 19 5 m height wind fielcs for the perioc
Septemper 7 - 20 (Woiceshyn et al , 1987) Details of the wind and stress Jata sets a7

giveninTable S

In the following two sub-sections we consider first the intercomparison for the
three wind field data se's and then the GLA siress wind f-eld (ntercomoar.son 1t was
found that the main problem appears to e in the GLA southern nem,sonere sirass
‘ieid anatysis, while the three wind field products are reasonabiy cons.ste i for al:
regions of the globe This finding 1s borne out by the intercompar:son o' tne three

w~ave hindcasts for the period of common overiap discussec in Sect:on 3 3

Ali foilowing intercomparisans are expressad in terms of the symmerrizey

regression coefficient Trelating pairs of fields (x., » 111 accordance with equ (26)

311 Wind field intercomparisons

~3ble 6 summarize< the results for the three wind fiaid regressions for different
pairs of thie GLA. ECMWF and |PLwind he!ds 17 adaition to ne gioba' s1aistics. aata
are aiso given for the riorthern and soutnern ne~nsoheres aNg tNe “roois Fgs3t1-33

skow the depenaence of Fand r on wind soeed in each of the *nree iar tug.r-at beits

- , - - . Ayt A P —
‘or eacn of the *hree 'ntercom_* facr  vnTinTRese f.gures (Oreso0aa N an et
average formed for *heccrresponc 't 3 0art cularana.yss i me

Tne prircipal conciusion to be drawn trom (hese r@suits g 1Nnat tha tnree wind
fields show a surpris.ng level of agreement the regress.on coeftizentiiesclosatoone
for all three intercomparisons in ail three regions, and *ne correiat:on coeffictent s of

the order of 90 - 95 %o i1n all cases it appears that the discrepancies Detween the




aitmeter wave heights and the modei wave hindcast in the southern hemisphere
shown (n Section 2.1 cannot be attributed to the wind field analysis The problem lies,
in fa<t, in the southern hemisphiere GLA stress fields, as shown .n the following sub-

secuon

A simiiar level of agreement s also found in the wind directions Asexample,
Fig. 3.4a shows the global histogram for the difference in wind direct:on A1 between
the GLA and ECMWF wind vectors Most of the errors are less than 20° Fig 3 4b shows
the distribution of the mean wind speed and the standard deviation of the wind speed
as runction of the directional deviation. As to be expected, 'arger direct.onai
deviations are gener *lly associated with weaker wind speeds Simular results are found
for the other two intercomparisons and for the breakdown into the ihree latitude

zones

3 1.2 Intercomparison of GLA su:face wind and surface strass fieids

To test the consistency of the GLA (1000 mb) surface wind speedas . with the GLA
surface stress values «, a regression analysis was carried out between \- and tp ,, where
¢ genotes the dens.ty of air. The regression coefficient T then represants an estimate

cf the average drag coefficientcp Since the local (temperature dependent) p.. values

- 1

g ™

r -

were not available on the GLA data tape, p, was aken asconstant{y,, - 1 23 i
A probiem arose in the assignment of ume leveis. The wind field anaiysis at time ¢.
represents an instantaneous field obtained by combining the first guess w:nd field
provided by the mode! forecast, derived from the previous analysis tme ¢.. ;, 6 hours
earlier, with conventional atmospheric observations and scatteromerter winds at (or
close to) the analysis ime ¢,. The surtace stress fields, on the other hand. are computad
as the average vaiues of tive mode! over the period .. ; 10 (... As perhaps to be
expected, the best correlations were found between wit..)p.and ¢t ;. Thiss
ilustrated in Fig 3 5. in which the giobal regression coefficent Fand corretation 15

shown as a function of the lag Ar =« L. p,,) - 1+2) The correlations discussed in the

following were made for At = 6 hours
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The cause of the underestimate of the southern hemisphere wave hindcast s
revealed in Figs 3 6a, b These show the dependence of the regression coefficent @
(i e. the drag coefficient) and the correlation coefficient on the wind speed for the
northern, southern and tropical regions. We expect an increase of Fwith wing speed.n
accordance with Charnock (1955) or other similar drag law retations (e g Wu, 1982)
Instead, ¢ decreases with increasing wind speed The northern hemisohere values of ¢
of the arder of 1 2- 1.7-10-3 are reasonably consistent with emoirical drag laws for
the moderate wind speeds characteristic of the northern hemisphere summer The
values for comparabie wind speeds 1n the tropics are generally 100 low However, the
biggest bias 1s found in the southern hemisphere. For mean southern hemisphere w nd
speeds of the order of 11-12m/s, Wu's formula givescp = (1 52-158)10 3 whichs
20 % to 60 % larger than the ¢ values in the range 1.0- 1 21 0-3 For a fully developed
spectrum, the significant wave heightin the WAM model is proportional to the surtace
stress. Thus, it appears that the bias found in the model wave hergnt hindcast relative
to the altimeter wave heights in the soutnern hemisphere, which was of about the
same magritude. can be expiained by the underestimate of the GLA surface stress

fieldsin thisregion

We can offer no simpie explanation here for the cause of this ungerestimation
However, it appears probable, 1n accordance with a suggestion of the GLA group, that
‘t1srelated *o the 6 hourly averaging invoived in computing the stress field Through
the nonlinearity in the definition of ¢, equ. (2 6), thisleads to an underestimation of
the drag coefficient, and a similar nonlinearity of the wave model response leads to a
comparable underestimation of the wave height The main conclusion we wish to
draw from this analysis 15 that the operation of a wave model in conjunction with
general data validation cross checking procedures, applied to both mode! products
and observed data, can rapidly 1dentify and locate problems in different data sets The
operational application of such procedur2s would clearty be verv valuable for
continually monitoring the performance of the ERS-1 wind and wave sensor system

and algurithms

Other problems related to the original scatterometer winds (which were nos
considered (n the present project) have been iderufied in the orevious ESA stulv
contract, Part | (Anderson etal , 1987) and Part il (Janssenetal , 1988) Ail three
investigations demonstrate that the simultaneous application of sopmisticated mnge s
a general data assimilation system and a wide spectrum of data validation techmaques

on an operational basis is an essential pre-requisite for the implementation of »

reliable end-to-end system for ERS-1 wind and wave data processing

-
-
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32 intercomparison of GLA surface wind field with SEASAT altimeter wind speeds

For completeness we show in this section an intercomparison of the GLA surface
winds and the SEASAT altimeter wind speeds, which were obtained simultaneously
with the altimeter wave height data shown in Section 2 1 The format of the anaiysisis
identical to the intercomparison of the altimeter and wave model hindcast wave

heights presented in Sections 2 1 and 2 2

None of the analysed wind fields considered in this study actually made use of the
alumeter wind speeds It1s generaliy accepted that the altimeter wind speeds, which
areinferred from the altimeter measurement of the rms slope of the sea surface. are
‘ess reliable than the scatterometer wind speeds derived from the short 8ragg

scattering surface wave ripples Thisis confirmed in our analysis

Fig. 3 7 shows the glotal distributions of ime averaged altimeter wind speeds for
the three approximately monthly averaging periods listed in Table 1. This may be
compared with the corresponding Fig. 3 8 for the GLA wind fields The altimeter winds
are clearly significantly lower than the GLA winds, particularly in the high wind regions
in the southern hemisphere. Since it was shown that the GLA wind fields, in contrast to
the GLA stress fields, are consistent with other data in both hemispheres, the
discrepancies must be attributed to the altimeter winds rather than the GLA wind
field

Anunderestimation of the wind speed 1n the SEASAT altumeter algonthm at high
wind speeds is found also in the statistical intercomparison of the GLA and altimeter
wind speeds shown in Fig. 3.9 The high wind speed bias is of the order of 25 % A
recalibration of the altimeter wind speed algorithm (which should be directly
applicable also to the ERS-1 alimeter) appears called for Since the altimeter measures
the rms sea surface slope, which is known to be a function not only of the local wind
soeed, but also of the sea state, an improved algorithm should preferably combine

wind and wave information
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Regression coefficient F(panel (a)) and correlation r (pane! (b)) for regression
analysis GLA vs altimeter wind speeds for the eight averaging periods listed

in Table 2
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3.3  intercomparison of wave modei hindcasts for GLA, ECTVIWE and ;P surface

forcing

it1s of interest to investigate how the comparison between the surface aind and
surface stress fields for the three wind fieid analyses discussed above 1s transtatea into tre
corresponding wave model hindcasts. As has already been pointed out, wave model

simulations generaily provide a sensitive test of the input wingd fields

Rather than repeat the statistical analysis presented n Section 3 1 for the wind speed
and directions now n terms of the corresponding wave variables, the significant wave
heigi*t and mean propagation direction, we show in Figs. 3.10 - 3 12 a comparison of the
three global hindcast fields for the significant wave height, averaged over the common

period September €- 17, 1978, of the three hindcasts

"he ECMWF and jPL wind fields were transformed .nto stress fields requireg as .nput
for the wave mode! using Wu's formula (which was also used in the cal'bration of the wave
model!, ¢f Komen, 1985 WAM-DIG, 1988).

t=cpp L

i

wnere

1.2875-104, U<T5ms

D 3+0065-L1-10-4. [

iv
~1
i
3
v,

No distinction was made between the 1000 mb ECMWF winds and the 19 5 m height
JPLwinds.

Figs 3.10-3.125u000r7 the general toncius.ons of Sectron 3 1 tnere s reasonaniy
good agreement between the three forcing fields in the nortnern nemispnere, wrile the
GLA forang s clearly significantly weaker than the other two forcing fields in the migh
wing region of the southern nemisphere A comparison with the aitimerer wave neigrts
snown n Section 2 ! for the entire 96-aay per od suggests that the ECVWF and JPL forcing
‘relds are probaoly of about the right magnitude in the m.d- ana hign-latitude soutnern

hemisphere, while the GLA stress field s too weak in this region

1)
[+)]

B



Apart from these general relations, the figures reveal a number of regionai
deviations, which will not be pursued here, but would clearly be of interest in applying a

wave mode! for wind field validation in an operational setting
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4 Computations of the linear and nonfinear mapping reiation between ocean wave specira

and SAR image spectra

41 introduction

ERS-1 will be the first satellite to prov.de global SAR wave data througn the AM!
wave mode instrument The potential value of giobal two-dimensional SAR wave
'mage spectra for wave forecasting can hardly be over-emphasized However, the
effective use of SAR wave data requires the deveiopment of efficient methods for
recovering the wave spectrum from the SAR image spectrum This s a non-trivial tas-
The first step, considered in this section, is to derive an efficient method for computing
the mapping from a surface wave spectrum into a SAR image spectrum We discuss the

seconc step, the solution of the \nverse mapping problem, later in Section 6

“re theory for the imaging of a moving ocean surface by a Synthet:c Aparture
Radar s reasonabiy weil understood Although open quesmionsstii remarn regard ng
finer details of the backscattering mechanism, itis generaily agreed that in the ranye
ofincidence angles between 20° and 60° typicai of most SAR operaton conditions the
backscattered return may be represented as a superposition of ‘ne statistically

ngenendent returns from a continuous ensemble of small scale facets The
oackscattered return from each facet1s governed by the Bragg scattering from short
rpple waves The backscattering from the short waves :n turn s mogulatad by tne

onger waves, thereby enabling 3 SAR to irmage normai ocean waves

“he iong wave moduiation consists of three procasses

(1) the hydrogyramic.ntaraction between shor: and long waves,

{n) thechange:nthe local inc:aerce angie(tlt) of the facet ang

{111} the advection of the facet by the lorg wave orbital veloc.ty, wr.ch procuces

aoppler snifts in the retur signa

it can be assumec for all of these orccesses trat to tirst oraer tre nackscattering
ripo'e waves and the modulating ocean waves are widely separated inscale “hescaie

separation assumption 1s well satisfied for micrewaves (A ~1 - 30 ¢m! and ocean wave

spectra(\ ~ 10- 1000 m) The two-scale mode! was first developed by Wright (1968) ard




Bass et al (1968) and has been extensively tested and verified :n fietd and wave rark
axperiments On the basis of this model, arather complete theory of SAR imaging af a
random ocean wave fieid wan be deveioped (¢f. Alpersetai . 1379, Hasselmanr et al

1985)

An important feature of this theory is that SAR imaging <an necome strongiy
nonlinear. Although the hydrodynamic and tilt modu!ation can normaily he regarded
as linear pracesyes, the mnnon effects become strongly nonlinear 'n typical w ndsea
situations The doppler shift arising from the radial comoonent of the orhital velocity
of a backscattering facet produces an azimuthal displacement of the apparent position
of the backscattering facet 1 the image plane. For displacements small compared w'th
the characteristic wavelength of the long waves, this 'velocity bunching’ mechanism
can be treated as 3 inear process. It can be characterized by a 'velocity bunching
modulation transfer function’ which, just as the hydrodynamic ang it mif's,
contributes to the wave image contrast. However, if the displacemenrts ciome
compdarabie with or larger thar a quarter waveiength, the vaioc:ty bunch:rg
mecnanism becomes nonlinear, and for still larger displacements Litimately rescits i1 a

¢compolete smearing of the image

“he transformation ot a surface wave spectruminto a SAR .mage soectru™ ras
neen computed numerically in the weakly and strongly nonitnear reg:™mes oy Monte
Carlo techniques (Alpers and Bruning, 1986, Bruning, 1987, Bruning etai, 1988) from
an extensive compilation of such simulations for aifferent wave conditions and SAR
oarameters, Bruning et ai (1988) derived general retations for the distortion of the
surface wave spectrum in the SAR image spectrum . To first order, the principal effecs
are that short waves travel!ling in the azimuthal direction are filtered out, the spectrum

's skewed towards the range direction, and the mean wavelength s increased

"he NMonte Cario comoutations are based on individual reaiizations of a3 rangdom
surface wave feld Foreacr reanzation, the .ndiviaual mMoving bacs scatter rgsurrace
aiements (i each scane are maopped intQ their correspanaing pos:tions:n tre SAR
'mage plane, ang the rasyiung mage s Fourier trarsformeda The SAR.mage vanancs2
spectrum is then comouted by averagng the soectra for an ensemaie of sucn
realizations This oruta ‘orc? methog . srathar expens.ve N (omputar wme ~nyus:t
Cannot be applied ooerat.onaily 1N a wave model toreate the modal cutbut spaCru™

to the large number of SAR image spectra which will be proviged continuously by

future oceanograpnic satellites such as ERS-1 or RADARSAT
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in this section an alternative computation s proposed it1s shown that the wave
spectrum and SAR image spectrum can be related directly in both the linear and
nonlinear mapping regimes, through a general nonlinear integral equation The
transformation can be readily evaluated numerically and can therefore be used '1n

routine operational applications

At first sight it appears rather surprising - in view of the notorious closure problems
of strongiy nonlinear systems - that a closed expression can be derived relating the
surface wave spectrum and the SAR image spectrum in the strongly nontinear reg:me
However, closure i1s possible in the present case because the input and output fields do
notinteract dynamically, and to a good first approximation the input surface wave

field itself can be regarded as linear and Gaussian

Similar techniques to those developed in Sections 4 3, 4 5 have been applied
previously in the computation of the dissipation of finite-depth surface waves by
bottom friction (Hasseimann and Colitns, 1968) and in the dete-mination of the
structure of the dissipation source function due to white capping (Hasselmann, 1974)
The basic concept s to consider the isolated impact on the process of the infinitesima!
contribution from a single Fourier component of the input freld Tihis can be
determined rigorously, because for a Gaussian wave field the infinitesimal
contribution to the continuous spectrum are statistically :ndependent The resuiting
{nonlinear) integro-differential expression relating the infinites:mal change n the
surface wave spectrum to the associated infinitesimal change in the .mage spactrum
can then be integrated analytically to y'etd the general nonlinear integrai

transformation from the ocean wave spectrum to the SAR image spectrum

in the following Section 4 2 we summarize first the relations for RAR (reai aperture
radar} and SAR imaging, as derived from the standard two-scaie scattering theory. and
introduce notations. The general nonlinear transformation relating the SAR image
spectrum to the ocean wave spectrum s then derived in Sectiond 3 A more detarled

discussion of the various terms occurring in the transformationis¢.venin Sectiond &

Mapping of the ocean surface into the SAR image plane

The SAR surface wave imaging process may be divided 1nto two processes the RAR
(real aperture radar) imaging processes, consisting of hydredynamic and tlt

modulations, and the motion effects, which are spec fic to the SAF. and have no

influence on RAR imaging.




Wwe corsider first the RAR .maging process

Decomposing the surface elevation o x, t), ard the '6¢s bact SCaTTernnyg Loy

seCuonyJix, t sensed by a RAR.nto a:scree Fouriar ser:es,

UX. = N\ m.k"xp'.'lkr = wth = coamp con: 4 1)
(N
X [« - ]
WXL = il 1N mk".l’p“k‘r—u;“ ~ e [ (4 2)
k

where o 15 the soatially averaged mean (specific) cross section and m_the cross-saction
modulaton factor. the standard two-scale scatiering rreory for byarodynamic and t:it

modulation yieids a 'inear relation

moo= T‘k"k 33)

between the Fourier components of c and o, with a net RAR compiex Todulaton
transfer function (MTF) T =T/ 4 = T e whicn consists of Tne sum ot the
rydrodynam:cand tilt modulation transfer functiors For our purposes e regara !,
asgiven (Itisnotationally more convanient to work with discrete Fourier sums than
with continuous integrals as we snall be considering 'ater differentials with respec to
indrviduai Fourier components ‘he discrete regresentation avoids the rather

cumbersome functional derivative notation )

Inequ (3 ?) the frequency i1s given by the free gravity wave dispersion relation
wor gkl whara g5 the aoreleration of gravity i1tshould be nored rhat equations
(4 1). (4 2) represert three-dimensional w. /enumoper-freauency spectra wnich have
been reducad o tw-d-mensional specira because wie frequancies are consiraned o
lie On tne Q1507501 surrace 1N contrast 1o the Two-C-mers.0nal A dvenumber
$O@CTruUrn Of 3 frozen surtace cons.dered beow fequ (4 4)) “our.er components ot
Si.posT@ agr i Kk rgoresent waves ‘raveling in 0p0osite directions and are not

related

Ragars, AN the otner hanc. 070G-1Ce GUAS-INSLANTANROLS IMages Of TNe surface, 5o

that the reievant Fourier decomposition of the imagel'r atatixeg time, t = 1! $Jy

takes the form




{ 1
Ik-*.xpuk' ri (43)

Anere

and the image intensity 1s normaiized with respect 1o the Teqn 1Mag- intensity (Note
that the exphicit complex conjugate term of eqns (4 1), (4 2)ism sunghere, as s

aiready included in the sum over positive and negative k)

For a RAR, the '/mage intensity 1s simpiy proportional to the cross section, so that

; (15)
M & KON

and aquatons (3 1) - (4 5) yreld

R _ R R .- an
I = rk“k {r-k"-k’ (

From equ (4 7) we find then that the relation between *he ocean wave and ‘mage

variance spectra £, P, respectively, defined by

Cex = NpE oSN (8
«.>—_[‘k‘_’_ L
N K
L I :
.I)_.‘_Pk—__ ~,Iklk. 49
i k

where "ne cornered parertnases < > gercre ensempie 3. 73g9es.15g €m0y

"he RAR image [* r corresponas 1o the mage wricn L SAR aould orodice f rre
sea surface were trozen Consicer now the distartion - this imaye induced by tne

moton ¢ffects These consist of twe *2r=1s: an az'muthal displacemen' ¢ of tme

(92}
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s

B

position of a backscattering element in the tmage plane, and an az'muthal smearing or

broadening iix of the (theoreticaily infinitesimal) backscattering element in the image

“he azimuthal displacement s proportional to the range component ' of the
average au.ection (1.e orbital) velocty of the backscatter.ng 2 ement (¢f Aipersandg

Rufanarn 127Q)

(a1

e

wh.ere

B =pl

and pstheslantrange. [ the velocity of the SAR The arhital valacity 1 1s nefirad nera
és the time average velocGity Over ine period during which tne scattering =iements
viewed by *he SAR Normaily, thisis small compared with the wave periog, s0 that, to
first order, we may set v equal to the instantaneous orbital velocity component n the

range direction at the median ti.ne assigned to tre SAR image

According to < andard surfac: wva e thecry (¢f Phiitips, 1977),

. (413
= 1Tk;k»’xp\i{kr—cuf|!‘-'(“‘ )
k

wnere the range velcocity transfer function is giver by

(¢ 14)
rk =t =went) = sinn kR,

and U, i, genote the radarincdence angle and the .wavenumber component in the

norizenial racar iook directan, respectively

Thesmearir.g termaxr 1§ normaiiy reprasented as the sum of an acce:eration term

L¥ o 3and ave'otysoresg et oy (¢F Hasseimanner al . 1985)

The accereratanterma. 1543 5eCoNQ order term arsirg from rhe variation ¢f ine
instantaneous oroital velocity component ¢ auring the SAR viewing :nterval This yiaids
shghtly different effective displacements & for the beg:nnirng ana the enc of the

viewing period The termn s generally smaller than the veiocity spread term (cf. Aipers




and Rufenach, 1979, Alpersetal , 1281 Hasseimannetal , 1385) and, to simplify the

anaiysis, will not be considered :n the following

“he velocity spread term cx _(s1genticai in physical 0rigin to the azzmuthal
disolacementterm tisdist:nguished in SAR theary from the disoiacement term onuy
‘or format reasons. in a combined microwave backscattering and SAR imaging theory,
itis convenient to distinguish between .+ 0 separate two-scale models. ‘he
hydrodynamic/backscattering and the SAR two-scale model (¢cf Hasssetmann e* 3 |
- the hydrodynamibackstaitenny nodei, which we have been considering so
far, the separation scale La-. « corresponds to the dimensions uf the backscattering

facets This must be large compared with the waveiength of the Bragg scattering
waves but smail compared with the wavelength of the modulating fong wave fieid
Tyorcaily, L, isoforder 1 moin the SAR two-scaie model. on the other hand the
separauonscale L, ,isdefined as the SAR resolution scaie. wrich is tyoicaily of orger
213 m. The SAR s unapie to distinguisn between individual backscarterirg ‘acers wetnin
a 5AR resolution cell, and theretore maps the entire ensembie of backscattering facats
within a resolution cerl into a single image pixel Thisis azimuthaily dispiaced by an
amount Ax = [} determined by the mean orpital velocity - of the facet ensembie The
devationsax = ¢ - £ of the individual facet disolacaments from the mean value ¢ for
the resolution cell then resultsin a smearing of the image of the resoiution <el! Tne

rms vai e of this smearing is given by

w1

“he term s essentially determined by the contribution to the rms orbital veloc: ty
from the region of the wave soectrum fying between the two separation scates /. -

and L. ‘AR
N

Inthe prese ontextitis mportant o ncte that tre ntroduct:or, of a vetoaity
SPread termis a *ormaity, wnicn in sQre (ases Nas conceotual agvantages, dut I1s nos a
N€Cessity. Inour case (L1s more convenient to work entirely 'n the framework of the
nasic Nydrngynamic. backscarter ng two-<caie modei, w.thout Invoxing t..e veioc:ty
19230 CONCEDL N this BICTure AA carsider the SA2 imana s composed of 2
superposition of the :ndeoendentimages or inaividual Dasic backscariering face’s,

ratner than of individuar resolution ca:ls.

Each backscattering facet expeniencas an azimuthal displacement i the image in

accordance with (4.11) ard some defocussing rthrough the face* acceleration iwhich




we ignore) In addition, the individual facet images will then be smeared by the finite
resolution of the SAR. Thus we consider a pure ‘velocity bunching’ theory with ‘explicit
velocty spreading’ To simplify the analysis, however, we ignore aiso the smearing Dy
the finite SAR resoiution and assume the SAR has infinite resolution The effect of the
finite SAR resolution can be easily taken into consideration, if necessary, as an
additional filter at the end of the analysis Qualitatively, the acceleration smearing
term can be similarly handled, although its rigorous inclusion in the theory 15
somewhat more complicated The effects we have retained do, in fact, represent the
critical processes limiting the ocean wave imaging performance of aSARIn the

nonlinear imaging regime

Aoplying equ. (4.11) to a continuum of facets, we obtain then as the refation

between the SAR image and the RAR image in the present 'veiocity bunching’ mode!

Py = j B — o' = &' dr' (4 16)

where £ = af and a denotes the unit vector in the azimuthal direction

Integrating over the §-function, equ. (4.16) yields

By = l{R(r') — } . . (417)
dr rr=rc-&'1"
where the Jakobian
L dr' =‘ L, e - (4 18)
i l[r l\ 61"

The ‘velocity bunching factor' ! dr' dri-! represents the var'ation in the effective
density of backscattering elements in the image plane resuiting from the compression
or dilatation of the originally homogereous distribution of facets through the spatial
variations of the facet azimuthal dispiacement. This enables the SAR to image ocean
waves even in the hypothetical situation in which the RAR transfer function vanisres .

e [Mir: = const.

For the case




R (3 19)

rhe velocity bunching factor can be expanded .n a geometricai series a~d truncated
after theinear term i itis furthermore assumec that the moduiation of s smatl as
required for a inear RAR imaging theory, the dominant term in (4 17) .5 *ne ' .nearizad
veiodity bunching factor, anc one ootains for the SAR image amphituce specirum, N

accordance with (4. 4), (4 13):

NENARSE SRS SN (429

where 'me velocity bunching modulation transfer function

¥ (421
T = =ik T,
Thus in the linear aporoximation
} . {4 22)
S =N - A . “
=T\ {T—kg‘k}
ang 'ne mage variance spectrum s given by
't S p .
. . < K (423)
po= T, —- T,
k k 2 -k 2
where the SAR imaging transfer function
S _ e . (324
Tk = I'k Tk

“he cordition (4 19) 15 generally satisfied for sweil specira However, in many
situations, for example for short windseas, the ineguality does not hoid or 15 even
reversed (cf. Hasseimann et al , 1985, Bruning et ai  1988) In triscase, equations
(217), (2 18) reprasent a strongly non inear transformation and we must seek
aiternative metnods for geriving the relanion petaeen the surface wave and SAR

image spectrum




4.3 Thenoniinear mapoing from the surface wave to the S2 R image spectrum

The relation describing the nonlinear transformation from tne suriace wave
spectra to the SAR image spectrasderived in two steps. First a differantial relation
describing the effect of an infintesimal perturbation in the surface wave spectrum on
the SAR . mage spectrum is develoned. This exprassion 15 then integrated to yieid the

final nonlhinear transformation relation

“ne Fourier component [ 3 of the SAR image :s ootained by tak:ng the fourier

transform of (4 17)

: 1 ) '{r‘ 1 4 -
== ' de e —  oxpi—ikpr= — 1lr'1R!r'w.tpl —kir' =&l 2 25)
L de . R

Here 1 denotes the finite area of tne sea surface corresponding to our discrete Fourier

reresentauion (in the final result, we shali, of course, let .\ — £).

Substituting the Fourier representation (4 4), (4.7) for IR in (4.25), this becomes

S [N . |[ :
= — 1~ N R T o TPl e pl = ke = k& ] (429)
k 1./' ? % ot expliktr “w(p[ r &r 12

We obtain then for the var:ation ol>, induceda oy perturbing tne set of fourrer

comoonents of the 'nput wave fiaid by the nfimitesimal ircremants iy

SN S yre . ,
o= MM A M e (127
K
where
!
‘, —_ - “ 1 —l
'!kk'— " f ol i ook -kn! kf,r
i N - ;
I - » 1l P -— . B - * “ QYN ! oz (NS
;fh. no1d Tk"[‘ Al fk.h,, I s _l\"l vpuk®et 25
. -
’ i o - I .
:' dr’;v.r/) uk'-—k?r'—zk&r'l ! T —:l-\.‘. fk N ! T‘:_.ﬁ(..—f':k,.g‘ e b k" I"I




The summation term in the second parentheses arises from the differentiation of the

axponential factor oxpl -tk& el in (4.26).

Consider now the perturbation of the variance spectrum Fk'* arnising from the
perturbation (4.27). At this point we make the essential assumption, which wiil enabie
us to close the moment equations, that the perturbations ég,, for di fferent wave-
numbers are statisticaliy :ndependent of each other and are aiso statistically indepen-
dent of the existing wave field. The assumption s justified by the Gaussian property of
a surface wave field, which may be regarded as a superposition of an infimite number
of staustically independent infi.ntesimal wave components. We shall follow up this
concept explicitly later by regarding the surface wave field as being graduaily builtup
from a zero sea state through the continual addition of statistically independent

snectral increments.

Under the stated statistical assumptions, we obtain immediately the differential

relation:

3efore turning to the integration of equ (4 29), we must first evaluate <M, . °>
The essential noniinear termsin this computation arise from exponential expressions
of tne farm <wxp (ki§ie’) - &r™ > Since £is a inear functional of ¢, its probabrhty
distributon s Gaussian, and the expec:ation value of the exponentiais can therefore
pe determined analyucally. The computation of <:.&lkk-.3 >isgivenin (4 5)

(Appendix).

Let us now construct the prescribed surface wave fielg by building un the spectrum
Fik) from zero to the final state through a linearly increasing continuum of wave fieigs
.?k'\, = \F, wnere) -\ - 1, and «')‘fk =F, o\ Denoting the associated SAR image
spectrum and matrix Wi, 10 the intermeaiate state \ simitarty as Fk‘(\). .Gkk. (A

respectively, equ. (4 29) then becomes

-~ K -k 430

Fa R . R
P R
——\:\-',_U A\ ol e m——
A =

N Kk > B

Thiscan immediately be integrated with : sspect to \ to yieid

)
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S_ N (_E —=k (4.31)
Fk-—Tkk’ 5 9 )
"
where the transformation matrix
| | 2 el [ ~ ‘ 2 (4 32)
Te= <| M| >= Jn <l l >

The computation of Ty is also given in the Appendix.

The final mapping relation (4.31) between the RAR and SAR image spectra is seen
to be a quasi-tinear transformation. The transformation matnix Ty, 'singeneral a
noniinear function of the wave suectrum. In the limit of 3 very smalil wave spectrum,
the relation becomes linear: Tkk. becomes independent of the wave spectrum and
diagonal. As the wave spectrum is gradually increased, Tkk. develops off-diagonal
terms and the matrix elements with high azimuthal wavenumber components are
attenuated (azirnuthal high wavenumber cut-off). This is discussed in more detail in

the following section.

Structure of the transformation matrix Tu'

InSection 4.5 ( Appendix) it is shown that the transformation matrix consists of the

sum of two terms,

-7 b b
T ,—T|,+T| . (432)
namely the ‘filter transformation matrix'

{ K

f_ s (4 34)
T = Ak, K~k Ty
and the ‘background transformation matrix'
h 2
T = B PO F T 0+ C o oT o) (439)

where the coefficient matrices Ak. ke Bl iy, and Cy. .« 9epend on integral
properties of the wave field (¢f eqs (A.20) - (A.22)
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The structure of the transformation matrices becomes clearer when it is recognizea
that the functions §, {y), ¢, (y) and day) ... egs(A.15) ~(A.17)) act as high azimuthal
wavenumber cut-off filter functions which cantrol the form of the coefficient matrices
Yk NG By oy

Lonsider tirst the filter transformation matrix T’kk. Fory —0. d () - Tand equ.
(A1 yrelds Ay L = & - Thusin the imit ¢f a very smail azimuthal wavenumber ke
or very small orbital velocities, this term reduces to the linear SAR imaging expressicn
(4.23) Asy isincreased, the function Al ki 'S broadened with respect to the second
varable k' - k. The wave component k is thereby spread in the image spectrum into a
band around k, and the energy of the band is attenuated. The spreading and
attenuauon increases with increasing azimuthal wavenumber k. andincreasing

orbital velocity.

The second term, the background transformation matrix Thkk., vanisnes entirely as
the orbital velocity approaches zero Ti'usin thislimit equ. (4.33) reduces to the RAR
imaging retation, as, of course, 1t ~1 it For finite orbital velociues, the term ’.Dk. "
yields a background continuum. For \ — 0, $.(y) = 1and Bk‘ ek~ ek Cokk =
Sy kv 5O that the continuum degenerates in this iimit to the quadratic sum and
difference wavenumoers of the wave field, as expected for the lowes’ order auad-atic
interaction of a nonlinear process. For finite \, the function B, k'« 15 broadened with
respect to the second index variabie, so that all wave comparents contribute o the

cQniinuum,

4.5 (Appendix) Computation of <lﬁk Wi >and T

From equ. (4.28) we obtain:

Moo =377 | drdem ook ke =™ = K &eh — £

[ i-¥.‘-(’{[T‘T"~ ST - (A1)
| ['k ~k BN . AT xpuk”™ e = K Tk.--'.:;)'lk ¢
=
SR TN R ke ke
i k“.ki"

-
2

(W]
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where I‘-"k asinequ. (47)

To determine the expectation value <}Mk k.|‘“> we expand the exponentiai factor
expr -k ") - & r™) with respect te a given pair of infinitesimal Fourier amplitudes e

{,m ana their compiex conjugate ampiitudes ¢~ ya, ¢  m. Ve nave first

&r) - &r™ = AE = lSTf‘.,Lk,,'exp k™" = exp k™M) + ;.‘;T:;,,,gk,,, expt tik™eN — oxp k™™

(A.2)

+ BTU_:k,. C* e 2xptk ™ = expuk™e™ + BTU_‘R... q _k.,,!w.tpuk"r") —rphk™eEME+ A -

=2 + _\g’w

£14

where A( contains the four infinitesimal Fourier components of interest and ¢, oy¢ 5

the remaining field which contains no components at these wavenumbers.

Thus

,\
1>
(&9}

@ =tk A0 = expi—tk A o1 ik AE~RT20E)7 -

The cor-elation of this expression with the amplitudes ¢, w, ¢ m " », (*_ = 0CCUrning in
(A.1) then yields

<M | >=a"" | dreplitk' -kor! (A 4)

- < expl -1k$£!r))>~lT|)+ Tl ~T)

where

- - -
rw = T‘l:: - P (a53)

's independent of {re expansion of the exponent

r-—vﬁr TS TSy = B T2 T | (A 6)
lli—l —-r k'M k', LR | \




is derived from the linear term in the expansion of the exponent:ai function,

»

ryn=- T PP (A7)

1s derived from the quadratic terms in the expansion of the exnonental functian,

and

ﬁrr, = - kfﬂz? l; N P‘:,,-w:xp(ik"r) (PHK asinequ (4 10)
T -
(A 8)
-~ ".’-)B;’ . [ '
Plrl = —l"‘_ I‘T" ) TR F (TU ) lTn’ I.-F’ ! Redell l{"ri S | l
2 -;: l [ 3 k" &k -k -K -k H ¢ I

inderiving (A.4) - (A.8) we havesetr = r' r"in(A.1)and carried out one integration
over r' for fixed r, noting that for a statistically homogeneous wave fieid the integrand
depends only on r. We have also replaced <exp - (kA& o¢¢ > by <exp - (kA >, since

A€,o.pana At deviare by an infinitesimal quantity

- Bl
My \.-sobtaned from M, | .byreplacing &, ( by \™- (aNd \T- £ respectively:

. . -y -1 R el = , R
Mkk \»E > =1 ‘ deexpultk’=kir)» Toxpe— kN AEe) >

-

3 TE ~ B+ T ren + VT ) (A9

We need to determine stll the expectation valie of the exponential functicn,
bk e v = < eap— k) TAE > = ‘exp -k \rn> (A 1C)
where

n=nlete - e’

The variable nis Gaussian with zero mean and known variance
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K L - . il !
so that the function  can be readily evaluated:
(A 13)

dk.r, V) = oxp i~ kTN > 02)

All terms occurring in equ (A_ 1) have now heen expressed directly ir tarms of the

surface wave spectrum

. ~ .
To determine the matrix [’kk. = | <1Mkk. 12> d\ occurring in the final expressionr

(4.31) we need now only to integra‘e equ. (A.9) wit respect to \. This yields

»

-1 e !
Tkk, =41 J drexpitk' = ki-o)- 43.,“‘"'"& T:
a i (A *4d)
+ -bllk.r)-iPlr) -~ T'llr!) - k. el (e
where
1
b kom =d = | dik r \id\ = - |l - u.\p«-\ul (A15)
.0
l ' .
'bx‘k""=‘°1‘\" 22‘ \ptk, e, N1 d) :‘.!\""Z L~ = yrexpi—y| (A 16)
i) 1
and
1 hl v .
pekerr = gyt = 0 Upkee VrdN = T2 Ty =2 = ) (A7)
- - S
LETIT L (A '8)

Equation (A.14) may be written more compact'y :n the form




o 2
] = T -~ iPley { N . I
T = Yo T i sk P T en-C o0

where

| !
AT A , dr oxp ;{ink‘-kj-rl by (A.20)

(A27)

-t .
Bk.k’-k =4 ' drap!t(k-k)-r

$,\)

and

. .- 1 o N
(‘kk'—k—'\ 1 drexplitk —kpr[.p:\)
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Analysis of SAR <pectra

In this section we carry out an intercomparison of SEASAT SAR image spectra with
model hindcast wave specira and SAR image spectra computed from the hindcast wave
spectra. Most of the analysis of this section is based on a selection of 32 digitally analyzed
SAR scenes, listed in Section 5.1. However, we present in Section 5.2 also a brief review of a
previous analysis of a significantly larger set of optically processed SAR images for the same
SEASAT orbits (Lehner, 1984)

Theoreticai SAR spectra were computed using the linear transformation
approximation described in Section 4 2 (Section 5 3) and by Monte Carlo simulations using
the full nonlinear mapping relations described in Section 4.3 (Section S ). In addition,
emorical transfer functions were determined by fitting the SEASAT SAR image spectra to
the hindcast model spectra using a powvver-law frequency dependent transfer function for
each wave propagation direction (Section 5.4) The conclusions drawn from these various

analysis techniques are summarized in Section 5 6

S 1 SARscenes ari.lyzed

A total of 32 digitally processed 6 4 km x 6 4 km SAR scenes from 7 orbits were
spectrai analyzed To test for a possible dependence on the SAR incidence angle, 22 of
these scenes were selected as pairs from the near and far edges of the 100 km wide
SAR swath. The variance spectrum was computed at 25 m resolution (50 m Nyqurst
wavelength) to the full image wavelength limit and then subsequently averaged in the
wavenumber domain with a top-hat weighting function extending over 5 x §

wavenumber compenents (yielding 50 degrees of freedum)

The geographica’ pasitions and relevant characteristics of the scenes are given in

Fig. 5.1 and Table 7, respectively Oroits 757, 762, 785, and 791 correspond to the sam.e
meteorological period, while the remaining orbits correspond to essentially
uncorretated meteoroiogical situations. itis apparent from the noniinearity (‘velocity
bunching’) parameters and principal wave propagat:on directions listed 1n the tabie

(inferred from 'ne inodel hindcast spectra) that the sceres caover a wide vaniety of

imaging situations
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5.2

= et b

General comparison with SEASAT SAR image spectra

A detailed comparison of the global wave ~'ndcast with the 32 digitally processed
SEASAT SAR images, including a discussion of SAR ocean wave imaging problems and
the nonlinear surface wave-SAR image spectral mapping relations, 1s given n the

following sections.

For a first overview we show in this sec ion. in Figs52-55, acomparisor of the
principal wave propagation directions inferred from the variance spectra of a larger
number of analog processed SAR Images (Lehner, 1984) with the Custer diagrams for
the total sea, windsea and swell of the wave mode! hindcast. The SAR wave
rropagation rays (panels a) represent the propagation directions of the peak
wavenumbers of the SAR spectra. The principal wave propagation directions inferred
for the SAR image spectra show some general agreement with the wave model
hindcast. However, a number of systematic dewiations, to be discussed later, are aiso
clearly evident: the SAR tends to detect long swell cor‘:ponents more readily than the
short windsea components, the SAR wave propagation direction is often strongly
rotated towards the range direction (the SAR look direction orthogonal to the satellite
flight direction), and range travelling waves are more easily detected than waves

travelling in the azimuthal (satellite flight) direction

One of the difficulties to be faced in using SAR wave data:n a comninad wind and
wave data assimilation system will clearly be to decide whether discrepancies which
are found between the SAR Image spectra and the model wave spectra are due to the
SAR imaging process or to errors in the input wind field (or the wave model itself) In
the case of the altimetsr, the Sitlipuon s considerably simpler, as altmers’ wave
height measurements are relatively free of distortion and calibration uncertainties
The effective use of SAR wave data will therefore be cnitically dependent on the
development of reliable mapping relations defining the transformation of the surface
wave spectrum to the SAR image spectrum. The inverse mapping, | e. the transformat-
ron from the SAR spectrum to the wave spectrum, has as yet not beer addressed The
inverse transformation may Le expected to be non-unique and probably singular
Inversion techniques will naed to be developed, using generai inverse modelling
methods, employing 'terative corrections of the forward mapping relat:on. These
questions wiil be discussed in more detail in Secticn § Itis shown there that the SAR
fnversion problem may not need to be solved exphicitly but can be imbedded in the
more general inversion problem of determining the wind field modifications required

to correct errors between predicted and observed wave data in a combined wind/wave

(v}
(]
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data assimilation system. However, it can be concluded already from Figs 5 2 - 5.5 that

SAR image spectra cieariy cannot be interpreted directly but only by comy.arison with
SAR spectra computed from a wave model forecast, and that the assimiiation of SAR

spectra in models will require the development of rather sophisticated inverse

modelling techniques.

Comparison with linear theory

Linear theory should be applicable if the nonlinearity parameter C = Cmax cosh
= 1.(Cis proportional to the ratio of the rms azimuthal displacement induced by the
long wave orbital velocity to the dominant wavelength, ¢f. Section 4 2). Table 7 lists a

number of cases for which this criterion is satisfied.

However, .1 practice it was found that linear theory gave unrealistic SAR spectra in
all cases, analyzed, .including cases with quite small values of C_ Figs 5 6, 5 7 show two
examples, corresponding to a strongly nonlinear situation {scene 15601, = 3 6) and
the most ‘linear’ case of the set (scene 11004, C = 0.6). The image spectra are plotted
in polar coordinates as frequency direction spectra F: £, 81, in accordance with the usual

wave spectrum format, rather than as wavenumber spectra E (k. = F'f,0; f2k2

In both cases the theoretical SAR spectrum shows a generally monotonic increase
of the spectrum with increasing frequency, without a distinct spectral peak as found in
the observed SAR spectra. The origin of this behaviour is readily identified: The
thearetical velocity bunching SAR MTF is proportional to /3 (¢f. Sectien 4 2) Thus
Far(f, 0)/F yq.e f,8) ~ 6 Since the wave model hindcast spectra typically exhibit a high
frequency dependence ~ -, the SAR spectra increase monotonically as /2 for high
irequencies. A SAR peak is visible at low frequencies oniy if the wave spectral peak is
sufficiently sharp that it overrides the £ factor, i e. if

oF
f—

—%.f,em S Gh
fer some frequency on the rear siope of the peak. This s seidom observed, even for
swell spectra (Bruning et ai , 1988, computed such cases for theoretical swell spectra
represented by the JONSWAP formuia with very high peak enhancement factors

y = 10}
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Fig. 5.1 SAR scenes analyzed with associated SEASAT orbits. Orbits 757, 762, 785 791

cover the same meteorological period (from 8/18/78 to 8/21/78) Other orbi's
correspond to different periods
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The failure of linear theory to reprcduce the observed shape of the spectrum 1s not
in contradict:on with the theoretical range of vaiidity of the theory Linear theory
breaks dow for short wave iengths of the same scale as the rms azimuthal displace-
ment*. The azimuthal displacements associated with these components become
smeared out by the superimposed displacements of the dominant long waves, which
shift the small scale veiocity bunching pattern back and forth relative to the phase of
the short waves. The peak occurs in the SAR spectrum 1n the region of transition from
the linear to the nonlinear regime. On the low frequency side of the peak, linear
theory is still applicabie. However, to test the linear theory quantitatively in this
regime would require an investigation with calibrated images, which was not
attempted in the present study. (This would not require an absolute calibration of the
SMR, as the SAR image is defined as the modulation image with respect to the
backgrouand white noise clutter image. However, it wnuld require a more detailed

investigation of the reference clutter spectrum than was undertaken here,)

Empirical transfer function fits

It is of interest to 1nvestigate whether the SAR image spectrum can be related to
the surface wave spectrum thraugh an empirical linear transfer funcuon. Although we
have seen that the pureiy linear theory 1s generaily inapplicable for the full spectrum,
1t has been argued that the principal effect of the orbital motion is the velocity spread
term, which can be represented Dy a linear azzmuthal cut-off filter funct:on (¢cf Beale,
1983) Also, the exact nonlinear transformation expression (4 2) derived in Sectior 4

has a quasi-linear (although non-diagonal) form

Accordingly, empirical MTFs were determined for a set of 26 SAR spectra (six of the
cases listed in Table 7 could not be analysed as the scenes were receved too late) by

feast square fitting the free parameters A and n in a power-law ansatz of the form

Fooorth=s Al = 17" [F M=k s = 130 {52
SAR ! i LY e

)

where the reference frequency 7,, was held fixed at 0 1 Mz

Figs 5.8, 5 9 show two typical exampies of the observed and fitted SAR spectra,
together with wave model hindcast spectra and the directionai dependence of the
fitted parameters Ar., ni8; In nearly ail cases quite satisfactory fits were obtained

The exponents ni 8: of the power laws were negative throughout, typically varying




55

between -5 and - 10, in contrast to the predictions of the purely linear theory. This is

presumably due to the smearing of the modutation of the shorter waves by the
superit.iposed azimuthal displacements induced by the longer waves, as discussed
above, which produces an attenuation of the shorter wavas. This veloaty bunching
effect generally produces a significant attenuation of the spectrum already in the
intermediate scale range shortly to the right of the wave spectrum peak, whereas the
azimuthal cut-off due to the velocity spread term becomes effective only at higher
wavenumbers (cf. Section 4).

Fig. 5.10 chows tha dapendenca on wave prepagaticn direction 0 relative to the
sateilite flight direction of the mean values and the standard devizt. on of the
exponent n(8) for the 26 cases studied. The ratio of the standard deviation to the mean
(the scatter index) is clearly too great for these empirical MTF fits to be applied in
oractice as a method for predicting the SAR spectrum. However, they do summarize in
a single form the main characteristics of the shape of the 5AR spectrum in the energy

containing range relative to the wave spectrum.

A closer inspection of the data indicated that the scatter seen in Fig. 5.10 cannot be
significantly reduced by a stratification of the data with respect to the nonlinearity
parameter C or other spectral parameters. We conclude from this and the previous
section that a refiabie interpretation of SAR image spectra must be based on realistic
cor..putations of the fuli nonlinear mapping of the two-dimensional wave specirum

into the SAR mage spectrum

Monte Carlo computations

The numerical computation of the closed nonlinear integral transform expression
{4.31) relating the surface wave spectrum to SAR image spectrum could not be
implemented within the present project. This is planned for a follow-up study project.
Itis anticipated that the technique, when implemented, will be more accurate and
efficient than the Monte Carlo methods used hitherto For the present project
numerical computations of the nonlinear spectral transfarmation based on the same

general SAR imaging expression (4.20) were carried out using the existing Monte Carlo

technique (Alpers and Bruning, 1986; Bruning et al , 1988)
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(b)

Mean value and standard deviation of the empirical MTF exponent n(0) as

fgnctipn of the wave propagation direction 8 relative to the satellite flight
direction for the 25 cases studied.
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Fig. 5.11a-| shows a compartson of observed and computed SAR spectra, together
wilh the wave modei hindcast spectra used for the Monte Carlo computations. The
selected set of SAR spectra covers a representative cross-section of the 26 cases studied
(cf. Tabel 7). The examples include range and azimuthally travelling waves, weakly and

strongly nonlinear imaging regimes and single and multiple peaked spectra.

The agreement between the observed and simulated spectra is generally quite
remarkable. The significant distortions of the original wave spectrum appearing in the
SAR spectrum, in particular the pronounced azimuthal cut-off, is well reproduced in
the simulations. The propagation directions ana wavelengths of the peaks in the
sirnulated and observed SAR spectra also agree guite weii. A sorrewhat earlier
azmuthal cut-off is generally found in the simulated spectra than in the observed SAR
spectra This could indicate a rather too high energy level in the high frequency region

of the wave model spectrum.

The sequence Fig. 5.11, panels a, b, ¢, and d, give a good example of the change in
character of the spectral distortion as one progresses through a regton of azimuthalty
travelling waves to a region of range travelling waves along orbit 757 (¢f. Figs 5.1 and
5.2). The discrepancies seen in Fig. 5 2 between the mean propagation directions of
the model wave hindcast and the propagat:on rays inferred by Lehner (1984) from the
peak wavenumbers of the SAR spectra are clearly due to the azimuthal cut-off in the
SAR spectrum of the predominantly azimuthally travelling waves aiong the north-

eastern segment of the orbit

Although itis encouraging thi t the nonlinear SAR imaging theory s able to
reproduce the principal features of the observed SAR spectre, Fig 5 11 aiso Hlustrates
the problems one faces in assimilating SAR image spectra in wave models: the i0ss of
information for azimuthally travelling waves, the 180° directional ambiguity (Fig S 11,
panel |, gives a good example of two wave fields propagating in opposite directions
which are merged together in the SAR spectrum), and the pronounced distortion of
the spectrum. None the less, the potential information content of the two-dimensionai
SAR spectrum is clearly greatly superior 10 a single scalar number, such as the
significant wave height, for exampie, or even a one-dimensional frequency spectrum,
1f effective techniques for the appropriate expioitation of this information can be
developed. (It should be noted in this context that SAR wave image spectra are inde-
pendent of absolute SAR calibration uncertainties: The spectra are 'self-normaliized’ by
the clutter background level.)

08
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56 Condusions

The principal conclusion to be drawn from our SAR studies may be summarized as

follows:

(1) Thelinear SAR imaging theory s not able to reproduce the shape of the observed
SAR image spectrum, even for low energy sea states. This s due to the unrealistic
amplification of short waves by the linear theory, which results in a monotoni-
cally increasing SAR spectrum. in reality, the higher wavenumbers (often
beginning shortly after the spectral peak) are attenuated by nonlinear inter-
actions with the motitoninduced azimuthal disolacements of the longer waves
For low energy sea states with smail nonlinearity parameter C™ax, the observed
peak in the SAR spectrum represents the transition from the linear to the

nonitnear imaging regime

In nearly all cases, the observed SAR spectra can be weil reproduced by applying

individually fitted, directional dependent power taw MTFs ta the hindcast wave
spectrum. However, the parameters derived from individual fits show
considerable scatter from case to case Thus this method does not appear suitable

as a general empirical tool for relating wave spectra to SAR image spectra

| (3) SARspectra computed from hindcast wave spectra using Monte Carlo simulation
techniques showed a remarkabie agreement with observed SAR spectra Since
the nonlinearly distorted SAR spectrum can differ significantly from the original
wave spectra, and the distortions depend critically on the detailed structure of
the wave spectrum, a meaningful interpretation of SAR wave image spectra can
be based only on numerical computations of the exact noniirear transformation

relations.

(4) Starting from tne well tested theory describing the noniinear mapping of the
ocean wave scene into the SAR image plane wh.cn was aopliec «n the Monte
Carlosimulations, a closed nonlinear integral expression was derived for the
transformation of the wave spectrum into the SAR image spectrum Since Monte
Carlo computations are too time consuming to be apoi ed operationally for the
analysis of ail ERS-1 SAR wave mode data {approximately 1 minyte comouting
time per specttum on 3 CRAY X-MP), the numerical implementation of the new
expression should be pursued and tested with high priority as a possibie alter-
native for application to ERS-1

11‘1




(4)

The oroblem of the inverse transformation from the SAR image spectrum tc the
surface wave spectrum has not yet been addressed Since different back scattering
elements can be mapped on to the same image pixel, the inversion 1s 1n general
non-unique and singular. The inversion problem must therefore presumably be
treated Incally in the form of a perturbation about a given forward
transformation. This implies that the operation of a wave model, which can
provide the first guess wave field needed as input for the forward

transformation, is an essential pre-requisite for the extraction of useful wave
information from SAR Image spectra. The optimal impiementation of the
inversion procedure will depend on the form in which the SAR wave data s
assimilated in the overail wind anc wave data assimilation system in development

for ERS-1, which 1s discussed further in the following section.




Data assimilation

As outlined in the introduction, the present study represents a first step towards the
planned implementation of a comprehensive wind and wave data assimitation system for
ERS-1. A characteristic feature of this system 1s the joint analysis of both wind and wave
data, with considerauon of the cross coupling between wind and wave information in the
different ERS-1 sensor systems and in the assimilation procedure itself in this study only a
small sub-set of the questions to be addressed in the implementation of the full system will
be considered. In the following sub-section 6.1 we d.scuss briefly the general problem of
assimilating wave data in wave models and the infarmation which can be extracted from
wave data, via a wave model, for the wind field. in Section 6.2 we present a ssmple example
of the improvement in a wave forecast ottained by assimilating SEASAT altimeter wave
height data.

6.1 General considerations

In contrast to atmospheri¢ data assimilation, which has a fairly long history
beginning with the introduction of numerical weather prediction, wave modellers
have only recently begun to address the probiem of assimilating wave data in wave
models (cf studies by Thomas (1988), Komen (1985), lanssen et al (1988) This is partly
due to the lack of sufficient wave data in the past to significantly affect the wave fieid
analysis. Here acean satellites will, of course, radically change the situation. But wave
modellers have also not viewed data ass:milation with the same urgency as atmo-
spheric modellers, since wave forecasting, as opposed to weather forecasting, is not
essentially an initial value problem, but a boundary value problem. the wave field is
forced by the giver: wind field, and the imitial wave field at some far past time when
the model was first spun up isirrelevant. Wave data is used not to initialize the wave
field, but simply as a running correction or update of the mode! simulation. In fact, it
could be argued that the main interest in wave data assimilation 1s not so much in the
imorovement of the wave forecast but in the opportunity 1t provides for improving the
wind field analysis. For the wave field is a highly sensitive indicator of the quality of

the wind field, as demonstrated in Sections 2 and 3.

The difference in the nature of wave data assimilation compared with standard
meteorological data assimilation techniques carries a number of implications (cf

Hasselmann, 1985):




(i) The continuous assimilation of wave data during the running of the mode! creates
no ‘dynamical shock’ problems. The local update information simply propagates

into the forecast in the same way as a change in the external wind forcing.

(ii) If the modified wave field consists primarily of swell (as in most regions of the
ocean, ¢f Section 2), the updated swell will continue to propagate at its corrected
value throughout the rest of the forecast: the correction 'sticks’ However, if the
wave field represents a windsea, and the (incorrect) wind field responsible for the
wave field error is not modified simuitaneously with the wave spectrum, the
updated wave field will rapidly relax back to its original incorrect state in response

to the uncorrected wind field.

(iil) Wave data is typically incomplete. The model requires the field of two-dimensional
wave spectra, which are estimated today at only relatively few locations with
directional buoys. ERS-1 will provide data on a giobal scale, but only in the form of
the altimeter significant wave heights and azimuthally chpped, nonlinearly
distorted and 180° ambiguous two-dimensional SAR image spectra. The
assimilation procedure must therefore address the problem of transtating this

incomplete information into optimal spectral updates.

(iv) The region of influence of a measurement at a given point cannot be taken as
approximately constant, as in the atmospheric case, but depends strongly on the
type of spectrum and the spectral component. Swell which was generated in a far
distant source may be associated with a region of influence of several thousand
kilometers, while windsea generated by a local intense storm will have a much
smaller characteristic correlation scale of the dimension of the wind field We show
in the following that the proper treatment of this problem automatically follows

from a consistent coupled wind and wave data assimilation approach.

6.2 Optmal wave data assimilation

The general task of wave data assimilation 1s to optimaily mod: fy the total wave
field Frf. 8. x.t, pradicted by the mode! up to the time ¢ for all points x on the glohal
ocean (or some selected area, in the case of reg:onal appiications) on the basis of &

finite set of measurements f, = b, F'.i =1.. n




The data d. can represent single numbers (e.g. H,)or a full SAR spectrum, for

example. 't will be assumed that the wave data are assimiiated conunuousiy, so that

we assimilate only wave data given at the time ¢.

‘Opumal’ implies here that the mod:fied wave field should be consistent both with
the data d, and the dynamica! ccnstraints of the wave model. In addition, the wave
field is normally required to satisfy some additional ‘asthetic’ quality or plausibility
criterion, such as smoothness or minimai least square deviation from the predic.ad
wave field. The dynamical model constraint implies that a consiste.it modification of
the wave field can be achieved only if the wind field (at some earlier period) is also
modified. The quality criterion will therefore be extended to include the requirement

that the modification of the wind field should also be kept as smali as possible

6.2 1 General formalism

Satellites and conventional wave instruments yield various types of wave data
d(xp, tp) at a given set of measurement pasitions X, and times ¢, which are related

to the two-dimensional wave spectrum F/ Xp. tp. through functions
”~
4 =Dk 61

The goal of wave data assimilation is to mod:fy the wave spectrum F Xp. 8y

predicted by the model in such a manner that the wave data error functicn

o5 S d —d)M d - d)

1

(62)

defined with respect to some surtably chosen {normally diagonal) positive definite
matrix M, is minimized, while maintaining the internal dynamical consistency of

the overall wave field.

~
The latter condition requires that the wave spectrum modifications AF should

be induced through modifications Au. in the driving surface stress fietd,

st

. , .
AF(x . t) = ’ 7 d(‘f dx'Gix ¢ X't dugx’ " 63)
b & o i >

A
or AF = Grau.




Here G¢ Xp, b X't represents the (Green function) response of the wave field
to small perturbations of the surface stress field It is assumed in (6 3) that the wave
field perturbations are small, so that the relation between AF and Au. can be

linearized.

in general, the modified stress field witi not be uniquely determined by the
conditione,, = minimum. We therefore add an additional constraint: we seek a
modification of the wind stress field which minimizes ¢, while at the same time
keeping the changesin u. as small as possible. This can be achieved by minimizing
the net error function (taking now for simplicity diagonal weighting functions w,
and w,)

2 2

¢ = S w,((.kc? + (;— dv)) -~ jdt' [ dx'(Au,(x’,t')) w (X', "
: ! Sl \ "

i /

(6.4)

P v p

with respect to Au., where A(?, =D, (GfAu., .

The mimimization of ¢ is to be carried out continuously as a function of ¢,
equation (6.4) containing at any time ¢ all measurement points towitht, S ¢ In
practice, the minimization of £ at a given time t will be able to benefit from the
previous minimization at time ¢ - At, where A¢1s the time increment for the
insertion of new data (in the simpler example considered in the following sub-

section, At is the 20 minute propagation time step of the global wave model)

The full problem of minimizing ¢ as given by equ (6 4) s clearly a formidable
task. First, the Green function G has to be determined. This can be avoided by
applying the adjoint technique, which is based on iterauve integrations of the
wave transport equation and its adjoint eguation (cf Thacker and Long, 1988)
Secondly, ¢ has to be minimized by same iteration procedure with respect to the
field u rx.t depending on two space and onc ime dimension. For a system with a
farge number of degrees of freedom, this will normaily require many iterations
Since the integration of the adjo.nt wave transport equation alone requires a
computational effort comparabie to the integration of the wave model itself. the
adjoint techmque does not appear very promising without introducing additional
simplifications. We shall follow instead the direct approach of inverting the wave

transport eguation and develop a very simpie approxiation for G




6.2.2 Approximate treatment of the Green function G

The relation between a perturbation Su. of the surface stress field and the
resulting perturbation induced in the wave spectrum is obtained by perturbing the

basic wave model transport equation (cf. WAMDIG, 1988)

(24vwjF=s +s «5 =3 (6 5)
"5t n nl s

where v denotes the group velocity and S.... S, S4, represent the input, nonhinear

transfer and dissipation source function, respectively (For simplicity, we here used

cartesian rather than the spherical coordinates of the global WAM model.)

One obtains
3 -. B
(—+vV)8F=A6F+F_—8u, (6.6)
ot / ou,

where the linear operator A represents the functional derivative of the nonlinear

source function 8., = Sy, - S.n, €xcluding the wind input term

d
A= S

= = )
,)F rest

and the second term on the right-hand side represents the derivative of the linear

input source function S,, = BF with respect to u.

The operator A has been discussed in WAMDIG (1988), since 1t arises in the

impilicit source function integration scheme used in the WAM model. Because of
the nonlinearity of the source functions $.,; and S 4 1180 genera! non-diagonal
"his implies that a 3-function perturbation 5. introduced at a given gnd point and
Lime generates not onty wave spectrum perturbations propagating away from the
disturbance point with their appropriate group velocities (as descrnibea by the
diagonal propagation operator on the eft-hand side of equ (6 6)), but aiso a
secondary perturbation field produced by scattering from the primary rays into a

continuum of non-focussed secondary rays

This greatly complicates the computation of the Green function. The same

scattering process arises and is properly computed, of course, in the integration of




the fully noniinear wave model. However, to avoid having to carry out a similar
computation to determine the Green function, the matrix operator A may be
simplified by retaining only the diagonal part \ . The same approximation was
used in the implicitintegration scheme of the WAM model and was shown to be
quite satisfactory for that application. In this case, equ. (6 6) can be immediately

integrated to yteld the Green function

t dt'{F'{ (zpt )Au.} expl {idt"\h"’. t")(

Ju x'. ¢ It

AF = GlAu,) = f

-0

where the integrations with respect to ¢ "and ¢” represent path integrations along

the individual wave group propagation paths

=xX+veit'=0)
L]

X + u"t”-’f‘)

terminating in x and x’, respectively.
g y

Aninspection of (6 7) reveals that for any given spectral component G has a
pronounced maximum at a position along the ray corresponding to the last point
at which the wave component received a significant input from the wind, i e in
the transition region from windsea to swell. For earlier times, the impact of a
variation ju. is lost through the interaction with the rest of the spectrum,
expressed by the large (windsea) value for \. In the swell region, after the windsea
has been transformed into a swell component, the exponential damping vanishes,
but the wind input factor of/au. itself also vamishes. The most effective region for
modifying a spectral component is therefore essentially identical to the ‘region of
origin’ of the wave component as defined heu ristically through the 'wave age 't
(cf. Boot) and Holthuijsen, 1987).

Ta - resonable first approximation the Green function may therefore be

represented as a S5-function:

GiX. X N =5iIX = X+ vudit' = ¢t = 04 (69)

where A = Ark, x, ¢/ is a weighting factor determined by the speed of transition
from windsea to swell.

'21




The relatively simple structure of the approximate Green function and the
reduction of its effective ‘region of cependence’ to a geometnicaily weil defined,
limited region governed by the wave age suggests further ssimplifications in the

next step of determining the Awu. field which minimizesc.
6.2.3 Implementation

We have established linear relationships between the three sets of data
consisting of the perturbaticns of the wind stress field Su. = uq), perturbations of
”~
the wave spectra 6F = o) and perturbations 5:d; - d;» = (D, of the geviations

between predicted and observed wave data:

_ N oyt
D=2 M "o, (611)
s}

where M_ ‘!’ represents the Green function (equ. 6.9) and M., * represents the

derivative of the predicted data (2 with respect to the predicted spectrum F. The
indices of the vectors g, Dy and pq run through the entire data setinvoived in a
given data assimilation cycle, including the spatial and temporal dependence and
the individual camponents of the fields (e g. the set of spectral components in the

case of wave or SAR image spectra, or the two vector compeonents in the case of
the wind stress vector)

in terms of the present notation, the variational probiem (6.4) we wish ta solve
takes the form

represents the deviation between the predicted and observed wave data for the

unperturbed wave spectra (prior to data assimilation) and w,;, wy are weighting
factors




Substituting the linear relations (6. 10), (6.11) 1Into (6 12) we obtain

o= T w [07- Tu¥u ) u N s min (614

d D3

[ S [RS8
wy=Nwy! (6.15)

a

The minimum 2f (6.12) is given by the solution of the linear system of equations

N oygd —_
My =€, (6 16)

where

£ YR , 13 gt 3, o
Wna = U..‘ M.u .yly"u h wuouu (6 17)

v

and

C =N wp’' MY
D — v v va

In practice, the minimum of ¢ may be obtained more rapidly by applying direct
minimization methods (e.q. conjugate gradient techmques, ¢f. Navon and Legler,
1987) to the relatively simpie quadratic form (6 12) rather than solving the system
(6.14)

The solution of the minimization problem y'elds the entire wind stress
correction field Su,, but the corrected wave field only at points where measure-
ments exist. (The matrix multiplication (6.15) runs over only those indices for which
Wﬂ Y40, e only those spectrai values which impact the data values ‘?i ) To up-
date the entire correction field for the wave spectrum the Green function relat.on

(6.10) must be appiied for the wave spectra at ail grid points.

We note that the apbproach outlined here avoids the need for an explicit
inversion of the wave spectrum — SAR spectrum transformation relation The
inversion for SAR wave data is considered automatically within the framework of
the complete inversion problem. We note furthermore that the derivative matrix

Mm"-"‘ for SAR image spectral data was derived in Section S in the course of the

raJ
)




derivation of the general nonlinear spectral transformation relation for SAR image

spectra.

Since effective numerical procedures have been developed for minimizing
quadratic forms of the type (6.14) for systems with several thousand degrees of
freedom (cf. Navon and Legler, 1986), it appears feasible to implement the

approach outlined here in operational framework.

"4
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An example of altimeter wave data assimiiation for Auqust, 1978

As a first step towards the development of a complete wind and wave data
assimilation system we have investigated the simpler decoupied problem of assimilating
wave datainto the wave mode! without modifying the wind field. This differs from the
approach of Thomas (1988) and Janssen et al_ {1988), who mod: fy both the wind and wave
field. As outlined above, our uitimate goal is to modify only the wind field directly, the
wave field changes being tied to the wind field modifications through the wave model. The
present decoupled study was carried out as a reference to establish the direct impact of the
wave data on to the wave model. It may also be interpreted as an implicit wind field modi-
tication exercise in which only the past wind field (which has no influence on the current
wave field development) is altered. The study provides insight into the characteristic region
of influence of wave measurements, and the typicali relaxation time of new information
inserted into the model. The assimilated data were the global SEASAT altimeter wave
height data obtained during the month of August, 1978 This month was chosen as it

contained relatively few data gaps.

The data were inserted into the wave model at each propagation tima step, 1 e every
forty minutes. This corresponds to an orbit segment of about 17,000 km, or up to 85 data
points separated by 200 km. for each wave height data point the model wave spectrum was
modified cver a finite set of surrounding model grid pcints. Experiments were carried out

with different scales L for the region of influence

Within aregion of influence, an updated wave spectrum Frnew'f 8- was formed by

applying a correction factor ¢ to the predicted spectrum Fpml 1.9,

(71)
(0 =ckF dl/:m

new pre

where

(14! (! AP aNE )
1 + { l-(‘wu ) 5 1_- - T ) ’ for 1Agl < L”. 1A\ <« L\
‘ \

1 for (A >Lt‘ or 13\ >L\




¢ = Hl]'Z‘ /,H:n“d (7 3)

max
Here Hsa"‘. H,%4 denote the altimeter wave height and the interpolated model
wave height at the rieasurement point, respectively, and A}, A\ represent the distances in
degrees latitude and longitude respectively, of the model grid point from the measurement
point (cf. Fig. 7.1) Close to the measurement point. ¢ = cmqy, and the model spectrum s
adjusted to reproduce the observed wave height. The correction factor relaxes bi-linearly to

unity at the edge of the rectangular region of influence.

Assimilation experiments were carried outwith Ly, Ly = 9.9 and 15, 15 degrees,
correspondingto 3 x 3and S x S grid pointsin aregion of influence The best results,
shown in Figs 7.2 - 7.5, were obtained for the case L = 15 Thisscale s compatible with the
time-space sampling density of the satellite and ensures that essentiaily all points on the
model grid have received significant impact from the altimeter wave height measurements

within a 3 day sampling period.

To remove spin-up effects from the August analysis period, the assimilation run was
started on july 28, the assimilation run itself being restarted from the run without

assimitation beginning July 7, 1978 The GLA surface .tress field was used as input.

Figs 7. 2a - ¢ show the mean wave heights for August, obtained with the assimilation

run. A comparison with Figs2 20-2 4 b and 2.5 b showing the previous results for the run

without data assimitation and the significant wave heights denved from the SEASAT

altimeter demonstrates the significant improvement achieved through data assimilation

The relaxation time of the assimiiation proceoure was tested in a further experimentn

which the assimilation process was switched off in the middie of the (3-paint) assimilation
run, on August 15 The characternistic relaxation time for the global model bias error (the
globial mean deviation of the model and altimeter wave height) s of the order of 6 days
(Fig. 7 3b) In this neriod the error nas grown back to the same magnitude as i the original

hindcast without data assimiatian

We note that the charactenstc reiaxation imes found for the oresent assimiiation
switch-off experiment are generaily larger than those found by Janssen et al (1988) ina
similar switch-off experiment. This s due to the larger region of influence chasen in the
present assimiiation scheme. if the region of influence 1s smaller than the orbit spacing

corresponding to the satellite repeat period (or characteristic time scale of weather

patterns, in the case of windsea) only part of the model grid 1s updated during the




assit.nlation procedure. The propagation of the non-corrected wave field from the missed

regions into the nerghbouring, corrected wave field regions then degrades the update in

the corrected regions on the relatively short time scale of the wave propagation time from

non-updated to updated regions.




Region of influence and correction fact
assimilation experiments.
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8 Conclusions

Our investigations of SEASAT altimeter and SAR wave data using a global wave mode

driven by wind fields derived from assimilated scatterometer data have provided valuable

insight into the quality and appiication of ocean satellite wind and wave data. This SCASAT

exercise is particularly relevant for ERS-1, which will be carrying a similar suite of sensors

We may summarize the principal conclusions of this study, which we regard as a first step

towards the development and implementation of a comprehensive wind and wave data

assimilation system for ERS-1, as follows:

3)

4)

Wave models represent an excellent data validation tool, providing a sensitive natural
consistency check of wind and wave data  The shortcomings of the GLA 6 hourly
averaged surface stress fields derived by data assimilation from scatterometer and
conventional metearolagical data were immediataly revaaled ay enmnaring the
hindcast wave heights with altimeter wave heights This technique is particular
valuable in data sparse regions such as the Southern Ocean, when the altimeter wave

height data may represent the only independent verification of the wind field analyss

A number of further data validation tests and wave hindcast intercomparisons with

other wind field products suggested that these shortcomings were not directly retated
to the wind fiela data assimilation method as such, but resuited fram the time
averaging involved in producing the stress fields Butitis also possibie that
inconsistencies in the scatterometer aigorithm (Woiceshyn et al , 1987; Anderson et al .
1987) contributed to the discrepancies. A combination of the data validation
procedures described in Anderson etal (1987), Janssen et al (1988) with those in the
present report wouid provide a valuable operational system for reai time monitoring

of the performance of the wind and wave sensors of ERS-1

The direct assimitation of altimeter wave height data 'n wave modeis has a significant
positive impact on the skill of the wave forecast. This appiies particularly for the swet!

field The averaggealazauonime of lhenaugundate nfamanacdsabihaarsac of o

days

For windseas, wave data assimilation has littie :mpact on the quality of the longer term
wave [Qrecast uniess the wind fieid is modified togetner with the wave tield By

improving the wind field, this requirement also increases the skill of the weather

forecast and provides improved air-sea flux fields required for climate research

-
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The development of a fully interactive wind and wave data assimilation system

represents a formidable task, since wave field errors imply errors in the wind field not
only at the same time level, but also at early levels which can extend back cre or two
weeks. A general variational approach for constructing simultaneously optimized
wind and wave fields was develgped. The modeis and numerical techniques for
implementing such a system are now largely available, and it is recommended that
work in this area is pursued with high priority in order to provide a viable operational
system in time for the launch of ERS-1. The modifications of the wind field induced by
wave data in such a system would represent a quantitative, constructive version of the

wind and wave data mutual consistency tests surmmarized in 1) above.

AR wave image spectra normally represent strongly nonlinearly distorted trans-
formations of the wave spectra. This applies for both windsea and swell spectra. SAR
image spectra cannot be usefully interpreted uniess supported by comoutatione af the
nonlinear transformation from the wave spectrum to the SAR spectrum . Thus implies,
in practice, that SAR wave spectra can be used operationally only in conjunction with a

realistic (third generation) wave mode! which can provide a good first guess wave

spectrum. This will be available only in an operational forecasting environment, i.e. in

weather farecasting centres.

Monte Carlo computations of the nantinear transformation of the wave spectrum into
the SAR image spectrum, using the hindcast wave model spectrum as Input, were in
excellent agreement with the SEASAT SAR spectra for a set of 32 di ffarent scenes. This
indicates that the long debated theory of the SAR imaging of a moving ocean wave

surface 1s now well understood and can be used confidently

A new closed expression relating the SAR image spectrum to the surface wave
spectrum was derived. This opens the possibility of computing the nonlinear spectral
transformation directly, without reverting to the pixel-to-pixe! mapping of individual

scene realizations using Monte Carlo simulation techmques The Monte Carlo

technique suffers from;ﬁgpstmal samg!«i‘gg errors and is rglatyelacnet  wR oM puter

P o e
e~

time (~ 1 minute CRAY X-MP per spectrum). it cannot be used for the routine processing

of the many SAR image spectra generated globally by the ERS-1 SAR in the wave mode.
Computations of the nonlinear spectral transfarmation using the newly derived
relation were not foreseen and <ould Aot be inciuded within the framework of this

study contract, but should be carried out with high priority in a follow-up study to

determine whether this approach has operational potential for ERS-1




9)

Methods need to be developed for inverting the transformation wave spectrum — SAR
spectrum. This question shouid be approached within the general context of imple-
menting a joint wind and wave data assimilation system as summarized under 5)
above. The goal of such an interactive assimilation system s to modify only the wind
field directly, the wind field mndifications being chosen such that both the wind field
and the resultant wave field are optimized with respect to the wind and wave
observations. in this context a SAR image spectrum can be treated in the same manner
as any other derived wave information, such as ait:meter wave heights or one-
dimensional wave spectra. It foilows that the inversion of the transformation wave
spectrum — SAR image spectrum need not be carried out explicitly, the general
inversion procedure being based on iterative corrections including only forward

transformations.

fn summary, we have found encouraging results with respect to the potential of wave

modeis for the routine validation of wind and wave data and the assimilatinn af altimarar

wave data. . "ost of these could be readily impiemented in an oserational system. However,

we have also identified (and in some cases made some progress in theoretically resolving) a

number of fundamental issues with respact to the simultaneous, interactive assimilation of

wind and wave data and tr= application of SAR wave image data These questions will need

to be addressed with high priority within the next two years 1f ERS-1 s to realize the high

expectation placed by the scientific community in this sateilite

*35




References

Alpers, W, and C.L. Rufenach (1979): The effect of orbital motions on synthetic aperture radar

imagery of ocean waves. IEEE Trans. Antennas Propag. AP-27, 685-690.

Alpers, W_, D.B. Ross, and C.L. Rufenach (1981): On the detectability of ocean surface waves by
real and synthetic aperture radar J Geophys. Res. 86, 6481-6498.

Alpers, W, and C. Bruning (1986): On the nonlinearty of synthetic aperture radar response to
moving ocean surface waves. IEEE Trans. Geosci. Remote Sensing, Vol. GE-24, No 6, 873-
8¢5

Alpers, W., C. Brining, and K. Richter (1986): Comparison of simulated and measured Synthetic

Aperture Radar Image snactrawith bl_lQ\’l-deri\_/ed ocean wave soactrs during the Shuttle

Anderson, D, A Hollingsworth, S Uppala, and P Woiceshyn (1987): A study of the feasibility of
using sea and wind information from the ERS-1 satellite. Part 1: Wind Scatterometer

Data, ECMWF Contract Report to ESA.

Atlas, R., A.J. Busalachi, M. Ghil, S Bloom, and € Kainay (1987): Giobai surfacewind and fiux
fields from model assimilation of SEASAT gata. J Geophys Res 92,6177-6487

Bass, F.G., .M. Fuks, A1 Kalinykov, I.E. Ostreowsky, and A.D Rosenberg (1968). Very high
frequency radio wave scattering by a disturbed sea surface. IEEE Trans. Antennas
Propag., AP-16, 554-568.

Beale, R.C. (1983): Large and small scale spatial evolution of digitally processed ocean wave
spectra from SEASAT Synthet:c Aperture Radar J Geophys. Res 88, 1761-1778

Booij, N., and L.H. Hoithuijsen (1987): Propagation of 0cean waves in discrete speciral wave

mcdeis. ;. Comp.Phys 63, No ..

Bruning, C. (1987): Untersuchung der Abbildung von Ozeanoberflachenwellen durch ein

Synthetic Aperture Radar Hamburger Geophysikalische Einzelschriften No. 84.

136




Bruning, C., W.Alpers, and K. Hasselmann (1988): On the nonlinearity of synthetic aperture radar
1maging of ocean surface waves studied by two-dimensional Monte Carlo simulation

techmques. (submitted to Int. J. Remote Sensing).

Charnock, H. (1955): Wind stress on a water surface. Q.J.R. Meteorol Soc., 81, 639-640.

Fedor, LS., and D E. Barrick (1978): Measurement of ocean wave heights with a satellite
radar altimeter. EOS Trans AGU, 59, 84.

Fedor, LS., TW. Godbey, J F R. Gower, R. Guptill, G S. Hayne, C.L. Rufenach, and E.J Walsh
(1979): Satellite altimeter measurements of sea state - An algorithm comparison.
J. Geophys. Res. 84, 3991-4002.

Fedor, L.S., and G.S. Brown (1982): Wave height and wind speed measurements from the

SEASAT radar altimeter | Geanhuc Rac 87, 2254.3260

Hasselmann, K. (1974): On the spectral dissipation cf ocean waves due to white capping.
Boundary-Layer Met. 6, 107-127.

Hasselmann, K. (1985): Assimilation of microwave datain atmospheric and wave modelsin the

use of satellite data in climate models. Proc Conf Alpbach, 47-52 (ESA-244)

Hasselmann, K., and J | Collins (1968): Spectral dissipation of finite-depth gravity waves gue to

turbulent bottom friction. j Marine Res. 26, 1-12.

Hasseimann, K., R.K. Raney, W J. Plant, W Alpers, R.A. Shuchman, D R. Lyzenga, C.L Rufenach,
and M.J. Tucker (1985): Theory of Synthetic Aperture Radar Ocean Imaging: A MARSEN
View. J.Geophys Res. 90, 4659-4686

Hasselmann, 5 (1987): The WAM Wave Model System Rep Max-Planck-institut fur Meteoro-
logie, Hamburg
- b die el T TR S WIS TIDS U IR S e M L S e e - -
Hasselmann, S, and K. Hasseimann (1981) A symmerricai method of computing the noniinear
transfer in a gravity-wave spectrum Hamburger Geopnys Einzeischriften, Retne A
Wiss. Abhand. 52, 138 pp

Hasselmann, S., and K. Hasseimann (1985): A global wave model. WAM Report, Max-Planck-
Institut fur Meteorologie

137




Hasselmann, S., and K. Hasselmann (1985): Computations and parameterizations of the
nonlinear energy transfer in a gravity wave spectrum (1985): Part 1: A new method for
efficient computation of the exact noniinear transfer integral J Phys. Oceanogr 15,
1369-1377.

Hasselmann, S., K. Hasselmann, J H. Allender, and T.P. Barnett (1985): Computations and
parameterizations of the nonlinear energy transfer in a gravity-wave spectrum. Part 2:
Parameterizations of the noniinear energy transfer for application in wave models

J.Phys. Oceanogr. 15, 1378-1391

Hayne, G.S (1977): Initial development of a method of significant wave height estimation for
(GEDS-3. NASA Rep., NASA-2520.

Janssen, P, P Lionello, M. Reistad, A. Hollingsworth, (1988): A study of the feasibility of using sea
and wind information from the ERS 1 satellite. Part 2: Use of Scatterometer and

Altimeter Data in Wave Modelling and Assimilation, ECMWF Contract Report to £SA

Komen, G.J. (1985): Introduction to wave models and assimiiation of satellite data in wave model

in the use of satellite data in chimate models Proc Conf Alpbach, 21-26 (ESA), 244 pp

Komen, G}, S Hasselmann, and K. Hasselmann (1984). On the existence of a fully developed

windsea spectrum | Phys Oceanogr 14, 1271-128S

Lehner, S.(1984): The use of SAR for large scale wind measurements over the ocean Hamburger

Geophys. Einzelschr , Rethe A, No. 68.
Mognard, N.M_, W J. Campbell, R.E. Cheney, and J.G. Marsk (1983): Southern ocean mean
monthly waves and surface winds for winter 1978 by SEASAT radar altimeter

|.Geophys.Res. 88, 1736-1744

Navon, LM and D M Legier (1987): Conjugate-gradient methods from iarge-scaie
MINIMIZation In Meteorology T RtHTy VWearher Koy ew. 18791502 " - -

Phitlips, .M. (1977}. Dynamics of the Uooer Ocean. 2nd edition Camoridge Umy Press

Raney, R.K. (1981): Wave orbital velocity, fade and SAR response to azvmuthwaves (EEE
J. Oceanic Eng. OE-6, 4.




Snodgrass, F £, G.W Groves, K.F Hasselmann, G.R. Miller, W H Munk, and W H Powers (1966)

Propagation of ocean swell across the Pacific. Phiios Trans.R.Soc. (A), 259, 431
The SWAMP Group (1985): Sea Wave Modelling Project (SWAMP), An intercomparison study of
wind wave prediction models. Part 1: Principal results and conclusions. Ocean Wave

Modeling, Plenum Press, New York, 256 pPp.

Swift, C.F., and L.R. Wilson (1979): Synthetic aperture radar imaging of moving ocean waves. IEEE
Trans. Antennas Propag. AP-27,725-729

Thacker, W.C,,and R.B Long(1988): Fitting dynamics to data (Submitted for publication)

Thomas, J. (1988): Retrieval of energy spectra from measured data for assimilation into a wave
model. (To be published).

Valenzuela, G.R. (1980): An asymptotic formulation for © nages of the dynamical ocean
surface. Radio Science 15, 105-114

The WAMDI-Group (1983). The WAM Model - a third generation ocean waveprediction mode!
J Phys.Oceanogr (in print)

Woiceshyn, P A, M G Wurtele, D H. Boggs. LF Mctic!drick, S Peteherych (1987) The necessity
for a new parameterization of an empirical model for wind/oceanr scatterometry
J Geophys.Res. 91, 2273-2288
Wright, 1. W. (1968): A new mode! for sea clutter IEEE Trans Antennas Propag., AP-16,217-223
Wu, J. (1982): Wind-stress coefficients over sea surface from breeze to hurricane } Geophys

Res.. 87, N°C12,9704-9706.

EEE L XE WY R WL SRE T Rk S & 2

139




Tables

Table 1

Table 2

Table 3

Table 4

Table 5

Tabie b

Table 7

Averaging periods for SEASAT altimeter wave heights and mode! hindcast wave

heights shownin Figs 2.1 - 2.5.
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GLOBAL DATA ASSIMILATION PROGRAMME FOR AIR-SEA FLUXES

~ -~

i5C / CTCO working Group on Air-Sea Fluxes

Summary

The JSCU/CCCO Working Group on Air-Sea Fluxes was formed by the Joint
Scientific Committee (JSC) of the World Climate Research Programme (WCRP)
and the Committee on Climatic Changes and the Ocean (CCCO) to develop a
programme for producing, on a continuous basis, global fields of air-sea fluxes
.making use, in particular, of the new data which will Gecome available with the
next generation of ocean satellites. These fields are an essenual input for many
chimate studies, including the major WCRP/CCCO projects TOGA (Tropical
Ocean/Global Atmosphere) and WOCE (World Ocean Circulation Experiment)

The goal of the proposed Global Data Assimilation Programme for Air-Sea Fluxes
(GDAP) is to provide continuous, 6 hourly, 1° resolution, global fields of the air-
sea fluxes of momentum, sensible and latent heat, water, and sola: and infra-red
radiation oeginning 1991,

To achieve this goal, comprehensive data assimilation systems need to be
implemented at operational global weather centres capable of processing the
many diffecent forms of input data which enter into to the flux fie!d analys:s.
These include data from oceanographic and meteorological satellites, ships,
buoys and the weather station network. It is proposed that at least one such data
assimilation system be established in Europe {at the European Centre for
Medium Range Weather Forecasts) and in the U.S (at the National
Meteorological Center). Additional assimilation systems at other weather centres
could usefully augment the programme.

The 1991 target date set for the operational implementation of the’smem at
ECMWEF and NMC corresponds to the estimated start of the operational phase of
ERS-1, the first of a series of planned oceanographic satellites Before the

ol phiase the sysiermn wiii be run in a research and validatton mode, with
no directinteraction with operational analyses and forecasts
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A number of projects are defined to develop and implement the system within
this time frame. These include:

- theincorporation of acean satellite sensor algorithms within the
assimilation system,

- the quasireal-time provision of calibrated physicai sensor data from ocean
satellites,

- the extension of existing data quality control systems to include the new
kinds of data available from oceanograph:~ satellites,

- theinclusion of surface wave data and globa! wave models i~ the sensor
algorithms, data assimilation system and flux parameterisation, and

-t improvement of assimilation procedures for the insertion of two-
dimensional surface data into three-dimensional fields

In addition to the near real-time data assimilation programme carried out within
the framework of the routine forecasting operations, provision should be made
through an effective archiving and retrieval system for a possible reanalysis of
the entire input data set at a later time. Although costly, this could prove to be
desirable after a few years operational experience in order to provide a
temporally homogeneous flux data set based on the latest improved algorithms
and assimilation systems

Proposals are also made for upgrading the in situ ocean data coliection system in
situ data are important both as valuable input data and for calibration purposes.
Qrganizationa!l measures ar2 suggested which couid significantly enhance the
quality and quantity of data from these sources.
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Goals

The fluxes of momentum, heat, radiation and water at the air-sea interface
drive the ocean circulation and determine the coupling between the atmo-
sphere and the ocean. A reliable determination of these flux fields is there-
fore essential for understanding the role of the oceans in climate. The goal
of the Global Data Assimilation Programme (GDAP) is to develop practical
oceanographic satellite data retrieval and appropriate data assimilation
schemes which could be applied routinely in producing optimal global air-
sea flux data sets.

This activity has been formally constituted as part of the WMO/ICSU World
Climate Research Programme (WCRP) by the Joint Scientific Commuttee (JSC)
for the WCRP and the Committee cn Climatic Changes and the Ocean
(CCCO), under the guidance of the joint JSG/CCCO Working Group on Air-Sea
Fluxes (WG-ASF members are listed in Appendix 1). This step was taken in
view of the requirement in the WCRP, especially the WOCE and TOGA
components (as described in Section 2.1) for continuous global gridded air-
sea flux fields exploiting the entire range of available input data including,
in particular, the new sources of ocean satellite data(e.g scatterometer
winds and altimetric information) that are expected to become available
operationally in the next two or three years

Aithough ocean satellites can provide important data on fields at the sea
surface as input for the flux computations, the derivation of valid geophysi-
cal data from the sensor signals of these satellites is not straightiorward
Normally, auxilliary meteorological ur vceanic data are needed. The satellite
data therefare needs to be combined with conventional meteorological and
sea surface data ir a comprehensive data assimilation system. This combi-
nation should be performed within the physical constraints of an atmo-
spheric general circulation model, and the expertise for this activity resides
atthe global weather centres.

In addition to ocean satellite data, an important data base for arr-sea flux

computations are conventional in situ ocean surface data, which provide a
calibration reference for ocean satsllites and meteorological analyses. The
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GDAP therefore also includes recommentations for upgrading the
conventional surface data set obtained from ships, buoys and other sources.

The principal goals of the GDAP may be thus summarized, in accordance
with the terms of reference of the WG-ASF (cf. Appendix 2), as

1. the development and implementation of comprehensive data
assimilation systems for the operational computation of global air-sea
flux fields at global weather centres and

2. the upgrading of the insitu air-sea flux data collection system.

1.1 Data assimilation

The data required for computing global air-sea flux fields originates
from a variety of sources (satellites, ships, buoys, weather stations) with
widely differing characteristics regarding coverage, sampling density,
accuracy and type of variable measured. The reconstruction from these
data of optimally estimated flux fields which are dynamically consistant
with the overall atmospheric circulation requires the application of a
sophisticated data assimilation system based on a high resolution
global atmospheric model. In vievs of the known impact of sea state on
the microwave sensor signais of oceanographic sateliites, and also on
the air-sea transfer processes themselves, it is furthermore desirable to
incorporate wave data and a global wave model within the
assimiiation system.

The data assimilation requirements for climate research and opera-
tional weather and wave forecasting are essential identical It there-
fore appears logical to develop a single comprehensive data assimila-
tion system for both applications. Fig. 1 (from Hasselmann, 1985) shows
an outline of the proposed structure of such a data assimilation system
in relation to the ocean satellite receiving stations and off-line data
processing and archiving facilities. The plan foresees two main
extensions of existing operational data assimilation systems. the
incorporation of the sensor algorithms within the data assimilation
system and the inclusion of a global wave model (GWM).
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A quasi real-time, operational data assimilation system offers a number
of advantages:

- The system can provide sophisticated continuous data quality
control, with the possibility of immediate feedback to operational
centres of satellites or other data collection systems if data errors
are detected Experience Hwsthatacomprehensive data
assimilation system encompassing a diverse data setis significantly
more effective in detecting subtle errors in individual system
components than quick-look testing ot separate sub-systems

- The system can provide continuous statistical evaluation of the
performance of satellite sensor algorithms, again offering a rapid
feedback if algorithm improvements are needed.

- The assimilation system can be applied during measurement
campaigns, e.g. in the initial calibration and validation phase of a
catellite, yielding data which can be fed back in quasi real-time
into the campaign opération. in titis way 1tis passible to
continually monitor the performance of the satellite or other
measurement systems during the campaign.

- More efficient satellite sensor algorithms can be developed which
make use of first guess wind and wave fields provided by the
models. Thisis particularly important if the cross coupling of
different sensor signals (e.g wind and waves) is to be properly
incorporated in the algorithms.

- Since the analysis system is designed to cope with the complete
data flux in qua<’ real-time, it must process the data at least at the
same rate as it is produced. This avoids one of the recurrent
problems of off-line processing systems: a continuously increasing
processing delay, or, as the only alternative, the restriction of the
data analysis to limited time periods.

Although a quasi real-time data assimilation system clearly has

considerable advantages, a basic shortcoming of an operational system
is that the homogeneity of the data set is endangered through
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1.2

inevitable changes in the analysis procedure as improved assimilation
systems and sensor algorithms are developed. For applications in which
data homogeneity is essential, it may therefore be desirable to
reanalyze the entire past data set with the latest assimilation system.
Thus, although the major thrust of the GDAP is directed to an
operational system, the option of a later re-analysis should be kept
open. Thisrequires the establishment of efficient archiving and
retrieval mechanisms for all input data. A re-analysis would clearly be a
costly undertaking, but this may appear less forbidding when more
powerful computers become available later in the programme.

The programme required to develop and implement a comprehensive
air-sea flux data assimilation system is extensive and can be carried
through successfully only with wide international collaboration. For
this reason it is proposed that efforts should be concentrated on the
implementation of assimilation systems at the two major global
forecasting centres supported by larger scientific communities, namely
the European Centre for Medium Range Weather Forecasts (ECMWF)
and the US National Meteorological Center (NMC). However, efforts by
individual nations to develop similar systems at their national weather
centres should also be encouraged, since the intercomparison of
different products from several centres will provide a broader base for
assessing the reliability of the methods.

In situ data

The second task of the Working Group is to recommend and initiate
measures to improve the data base of in situ reference measurements
which are needed for the validation of flux estimates inferred from
satellite data or derived from global meteorological analysis. The
Working Group considers that implementation of improvements in the
quality, and efficiency of utilization, of existing measurement
programmes would significantly upgrade the available data base.
However, where there are potential deficiencies these must be
identified and, where necessary, the initiation of new scientific field
programmes to produce in situ reference measurements should be
encouraged.
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The operational in situ systems, which include moored and drifiting
buoys, the Voluntary Observing Ships (VOS), and island and land
meteorological stations, are the responsibility of the World Weather
Watch (WWW) of WMO. Recognizing thatitis of primary importance
that the in situ observational systems required for initialization of the
atmospheric GCMs be continued, and where possible, improved, the
Working Group strongly supports actions aimed at fulfilling the WCRP
requirements for WWW systems as defined in the First WCRP
Imp.ementation Plan (WMO, 1985).

A specific Working Group project, described in Section 4.12, will
identify data from previous scientific field programmes suitable for use
in verifying the model derived surface fields. The project will also assess
the quality of avai'able in situ data, and determine any additional
quality control procedures which may be required. The results will
enable the Working Group to assess the need for further research field
experiments, and the degree to which, with improvements, the
existing operational in situ data can be used for verification purposes.
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Overview of Work Plan

The work plan of the GDAP may be divided into two stages:

31

a preparatory phase, from 1988 until 1990, and

a full implementation phase, from 1991 onwards.

Preparatory phase, 1988 - 1990

During this phase a series of investigations need to be carried out on
methods of assimilating data from different sources, addressing in
particular the new forms of data which will become available from
oc2anographicsatellites. Methods of assimilating single level data (i e
surface data) will require special attention. Other questions which
need to be addressed include the dependence of the numerica!
satellite sensor algorithms on the assimilation scheme, the INCOrpo-
ration of the algorithms within the assimilation system itself and the
interdependence of wind and wave data in both the sensor algorithms
and tne assimilation scheme.

Alternative flux parameterisations need to be tested with regard to
their impact on oceanographic models (tropical and global ocean
arculation models and surface wave medels). The appropriate
numerical experiments will be carried out in collaboration with the
WOCE and TOGA Numerical Experimentation Groups and the Wave
Modelling Group (WAM).

In preparation for a possible later reanalysis project (see Section 4.13),
investigations will also need to be carried out on different methods of
reconstructing improved surface flux fields from past data, including
techniques which do not necessarily require the full data assimilation
cycle.

In addition, work will continue on a number of projects initiated

before the begin of the preparatory phase of the present programme.
These include:
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- An ECMWF project requested by the TOGA Scientific Steering
Group to compute all air-sea flux fields beginning 01.01.1985,
applying the present data analysis schemes of ECMWF to the
Centre's archived data set (see also Section 2.2 and Appendix lil).

- Ajoint WAM-ECMWF project for the development and testing of
an ocean satellite data assimilation and quality control system
using SEASAT altimeter, scatterometer and SAR data in
conjunction with conventional meteorological data.

3.2 Fullimplementation phase, 1991 onwards

At the end of the preparatory phase, continuous, operational data
assimilation systems should be impiemented at ECMWF, NMC and
possibly other centres. The assimilation schemes should provide
6-hourly flux fields at the resolution of the then operational global
forecast models (~ 1° x 1°). The assimilation scheme should encompass
all relevant oceanographic miccowave sensor data, including oot
wind and wave information, and should also include the ocean sateliite
sensor algorithms. The full operational phase will be preceded by a test
phase which could coincide with the calibration/validation phase of
ERS-1.




APPENDIX 1V

Table 1: Time Table for Global Data Assimilation Programme
for Air/Sea Fluxes
Preparatory Phase Full Implementation
Phase
no. project 1988 1989 1990 1991 1992 1993
4.1 data
archival minor modi-
fication of
data sets Operational
archival implementation
specifica-
tions:
deirinition
of wave data
subsets
4.2 Scattero- Development of
meter altgorithm Operational
data suitable for implementat‘on
data
assimilation,
incorporation
of algorithm in
assimilation
system
|Test of system
against SEASAT
and synthetic
data
4.3 Coupled Development
wind and of coupled
wave ‘lalgorithms
sensor for scattero- Operational
algo- meter, SAR implementation,
rithms and altimeter improvement of
algorithms
Test against
SEASAT data

152




4.

Wave Development of methods
data for assimilating SAR
assimi- |altimeter and buoy
lTation wave data in wave
models

Test of |

techniques |

using

SEASAT data

Pre-operational
test in global
wave model

- D e e e e W M E™E e -

Quality |Development l

control |of techniques

for new

.ocean

satellite Test against

and sur- SEASAT and

face data existing sur-
|face data

Imple- Pre-operational

menta- implementation

tion of

wave dependent
flux parameteri-
zations

(in particular
surface stress
and energy flux)

Improve Test alternative flux
sensible |parameterisations

and (WGNE project and

latent (operational

heat and diagnostic)

fresh (see also project 3.9£ﬁ
water flux

parameterisations

(atmospheric
model experiments)
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Operational
implementation

Cperational
implementation

- e e-----———- - w =

Operational imple-
mentation of agreed
upon parameteriza-
tion

Operational imple-
mentation of agreed
upon flux parameter-
izations for
sensible and latent
heat and fresh water
fiux.




o

4.8 Assessment |Comparison éﬁ Operational imple-

of opera- with results mentation of agreed
tional model of JSC radia- upon radiation flux
radiation tion flux parameterisation
flux [group

computations

S o e o e e e e . . —m—mm e e ® e ® - aew - - - - - e e m e .- .- - —m- -~ —----

4.9 Assess- |Numerical model experi-| Further numerical

ment ments to contribute to experiments for

of air- |(1). (2) and (3) general TOGA and WOCE
sea (TOGA and WOCE-NEGs) ohjectives (indirect
fluxes quality control)

in ocean

circulation
experiments

4.10 Assess- |Quasi-operational Continua! operational
ment quality control as quality control
of contribution to (1)
stress
parameterisation
in global

wave modeis

S R RN e E S A s S Cc T T R e ca e et mc .- ce .. ------ - e - - - ---.—.- .- ——- .-

4.11 Compu- |Improvement of SST com-
éﬁ Operational imple-

tation |putations usin?

of SST |improved satellite sen- mentation of re-
sor algorithms and ocean commendation SST
model data assimilation analysis method

techniques

S S S T E s Ccc et s rrrt e c s st e m e e e c e e - w .-

4.12 In Upgradin? of in situ (ﬁx Implementation of
situ data ccllection system upgraded in situ
data data system

4.13 Reana- |Assessment of homogeneity of operational flux

lysis computations
project

Recommended procedures to be used in operational
implementation phase:

zf& Momentum (stress) and (mixing) energy flux
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Sensible heat, latent and fresh water flux
Solar and infra-red radiation
SST computations

in situ data collection and quality control
system

- [ﬁb& Possible begin of fiux reanalysis projects

(start of project and period of past data to be
analysed to be decided later depending on
experience with real-time operational system).
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